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ABSTRACT
The unlikely loss-of-coolant by pressure vessel rupture in a
pressurized water reactor plant has been studied with the objective of
probing the relative importance and consequences of principal blowdown
processes. The computer codes WHAM and RELAP3 have been emploved as the
principal tools of analysis. To the fullest extent possible. design data
for a large., 4-loop, 2758 MWt pressurized water reactor has been used to
generate inputs for the accident simulation by the computer.
The rupture is hypothesized as a well-behaved hole located
either at the top, bottom, or side of the vessel. For every such loca-
tion, break sizes ranging from 1 to 4 times the loop flow area are inves-
tigated. Time for the break to open up is also studied parametrically to
determine its effect on the subcooled and two-phase blowdown processes.
Sensitivity studies have been made, encompassing emergency core cooling
location and injection rates. fuel-clad gas gap conductivity, void reacti-
vity coefficients and phase separation models. The accidents are followed
sometimes to 40 seconds, but mostly only to 25 seconds after rupture init-
iation. At the end of this period, the accumulators have not completely
discharged their water, and the lower plenum has not been filled.
Within the limitation of a priori assumptions used to define the
accident and within the validity of the computer codes, several patterns of
results are observed. The instantaneous rupture gives the highest subcooled
loadings to vessel internals but otherwise the rupture time does not have
much effect on parameters such as blowdown rate, blowdown time, heat trans-
fer coefficients, and clad temperature. Flow reversal in the case of bottom
and side breaks seems to exert a strong influence. insofar as RELAP3 is
formulated, on the subsecuent behavior of the clad temperature transient.
The clad surface temperature is also sensitive to the fuel-clad gap conduc-
tance.
(3)
There is a tendency for the force and pressure loadings to level
out to a maximum magnitude as the break increases in size. This maximum
pressure loading is the difference between the normal subcooled pressure
of the coolant and the saturation pressure. There is also a tendency for
the blowdown rate, the mass remaining in the system, the pressure history
in regions of the system other than the region with the break, and the
average clad surface temperature to assume an asymptotic configuration
when the break size increases. This behavior is seen to result from flow
choking that exists at various flow paths whose areas are fixed irrespec-
tive of the break size. For all cases under investigation, the maximum of
the average clad surface temperature at the hot one-third region of the
core is about the same as the corresponding quantity for the loss-of-coolant
accident by pipe break. This latter quantity is computed elsewhere with
RELAP3 and with essentially the same plant data used in this study.
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ORGANIZATION OF THIS DOCUMENT
This document consists of 9 chapters with titles as listed
in the Table of Contents. The subtitles, tables and figures are
listed in the beginning of the chapter in which they belong.
Immediately after the front title page are the Abstract,
the Acknowledgements, the List of Abbreviations and the Table of
Contents. Following the 9 chapters are Appendices A, BC & D, the
References and the Biographical Note.
The 9 chapters are numbered using arabic numerals, e.g.
Chapter 5. The major subdivisions of each chapter are numbered
using a decimal system based on the chapter number, e.g. 5.1, 5.2,
5.3, etc. Further subdivision of each chapter is identified by a
second or third decimal system relating of the major division, such
as 5.1.1, 5.2.1, 5.3.1.2, etc.
The references are classified in the alphabetical blocks
(Block A, Block B ... Block Z), but no effort is made to further
arrange the listings in each block in alphabetical order. The al-
phanumeric order of a reference, e.g. R5, is enclosed in parenthesis
in the place of the text where it is mentioned.
Wherever possible, short explanation of the tables and fig-
ures is found on the tables and figures themselves. However, due
to space limitation, the main explanation and discussion of the
tables and figures must be found in the appropriate place in the text.
From beginning to the end, the pages of this document are
identified by arabic numbers.
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ABBREVIATIONS AND SYMBOLS
The following abbreviations and symbols are frequently
used in this work. They are only written out where their use
is for the first time.
A Symbol used throughout to denote the size of the
hypothetical hole in the vessel. The unit size
is the pipe flow area.
ACRS Advisory Committee on Reactor Safeguards
AEC (United States) Atomic Energy Commission
AEC/DRL Atomic Energy Commission/Directorate of Reactor
Licensing
BWR Boiling Water Reactor
CL Charging Line
CHF Critical Heat Flux
CHFR Critical Heat Flux Ratio
DNB Departure from Nucleate Boiling
DNBR Same as CHFR, the ratio of the DNB flux to the
actual surface heat flux
ECC Emergency Core Cooling
ECCS Emergency Core Cooling System
EOB End of Blowdown
FLECHT Full Length Emergency Cooling Heat Transfer (tests)
h Symbol for fluid enthalpy
HPCIS High Pressure Coolant Injection System
HSST Heavy Section Steel Technology
RTC Heat Transfer Coefficient
LOFT Loss of Fluid Test
LPCIS Low Pressure Coolant Injection System
LWR Light Water Reactor
MIT Massachusetts Institute of Technology
p Symbol for pressure
PWR Pressurized Water Reactor
Residual Heat RemovalRHR
(8)
SECCI Start of Core Cooling Injection
SIS Safety Injection System
t Symbol for time
T Symbol for temperature
tb Time over which the break opens from zero to
its preassigned size
u Symbol for internal energy
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1. SUMMARY, CONCLUSIONS AND RECOMMENDATIONS
1.1 Stuary
The principal processes and short-term effects of subcooled depres-
surization followed by two-phase blowdown as a result of a postulated pressure
vessel rupture in a PWR plant have been topics of investigation in this work.
The principal processes include the subcooled pressure and force loadings, the
two-phase blowdown rates, pressures, flows, and heat transfer. The principal
effects are the responses of the vessel internals to the loadings and the fuel
clad surface temperature transients.
The plant chosen for analysis is a 4-loop 2758 MWt Westinghouse PWR
plant similar to the Indian Point 2 plant that is scheduled to go on line
in 1972. (Figs. l.l.Fl and 1.1.F2). To the fullest extent possible, real plant
data are used to put the analysis on a more practical plane (Appendix A). Where
real data are missing or unavailable, realistic approximations are made and so
indicated.
The tools of analyses include two computer codes, WHAM and RELAP3.
Both of these codes have been developed for the USAEC and tested out on semi-
scale experiments in the LOFT project. 'Although there are still many desirable
improvements to be made, they represent the 1972 state of the art and have
been widely used in the LOCA analyses for many PWR power plants.
The vessel is postulated to rupture or split in such a manner that
the break area opens up linearly with respect to break time. Three locations
of this window type blowout are analyzed, namely at the upper plenum, the lower
(12)
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plenum and the annulus. They are respectively called the top break, the bot-
tom break and the side break. For each location, four area sizes in the mul-
tiples of pipe cross sections are considered. The reason for the use of
pipe cross sections is to establish some base line to compare the results
with data already available for the single-ended and double-ended pipe breaks
in the hot leg or the cold leg. Thus, for the top vessel break case, the
unit break area is 4.587 f t2 , the flow area of the 29-inch ID hot leg. For
the bottom and side break cases, the unit break area is 4.12 ft2 , the flow
area of the 27-1/2 inch ID cold leg.
In postulating vessel breaks, it has been assumed that all the
four recirculation loops are intact. This assumption is used to establish
a base case analysis, because further deterioration of the rupture can be
analyzed in somewhat similar ways. The safety control rods are assumed not
to be activated till 30 seconds after the break, an assumption essentially
the same as no control rod action at all. The steam generators are assumed
to maintain their pressure and temperature on the secondary side, thus acting
as a heat source in a substantial duration of the blowdown. The coolant
recirculation pumps are assumed to be in a free-wheeling position, allowing
the coolant to flow out of the break without pump constraint. Only three out
of four on line accumulcators are used, and the ECC water is properly considered
imediately after injection. This credit for the ECC water (i.e. no bypass)
is not unconservative, because the assumption of thermodynamic equilibrium
of RELAP3 effectively causes a delay of ECC water in reaching the lower plenum
until well after end-of-blowdown (EOB).
(15)
System network setup for WHAM computation includes 30 legs and
28 connections. Friction and the effect of the recirculation pumps have been
neglected on the basis of WHAM developmental information and test out. The
effect of the pressurizer is also neglected because it appears in only one
of the four loops and it is connected to the hot leg by a long, small surge
line. However, other features such as internal volumes, flow bending, contrac-
tion or expansion are maintained. For the short subcooled decompression
duration (less tham 60 msec.) considered, the above assumptions are well
justified.
System network setup for RELAP3 consists of 17 volumes and 24 junc-
tions. The volumes include 3 for the core, 3 for the downcomer, 3 for the
steam generators, and 1 each for the core bypass, lower plenum, upper plenum,
hot leg, cold leg, pump suction leg, pressurizer and accumulators. A constant
pressure of 75 psia is prescribed for the containment. The junctions are the
flow paths between the volumes. The junction between the accumulators and
the cold legs has a swing check valve which is activated by the pressure in
the cold legs. The junctions representing other pump-activated ECC lines
(charging lines, low-pressure core injection lines and residual heat removal
lines) are one-way junctions, allowing cold, borated ECC water to be pumped
in at a preset time.
Initial conditions of the system are those of the 2758 MWth primary
system operating at steady state, 100% power level.
Table l.l.Tl summarizes the main features of the study.
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TABLE l.l.T1
MAIN FEATURES OF STUDY
1. Codes
Subcooled blowdown
Two-phase blowdown
2. Rupture Conditions
WHAM
RELAP-3
Location
Size
Break time
Top, bottom or ide
4.12 ftZ to 18.35 ft2
0.25 msec to 100 msec
3. Time Lapse
Subcooled blowdown
Two-phase blowdown
0 - 60 sec
up to 25 seconds
sometimes to 40 seconds
4. Assumptions
Core power before LOCA
Scram mechanism
Pump
Coolant loops
ECC
5. Sensitivity Analyses
100%
Void formation alone
Free wheeling
All 4 intact
Accumulators and diesel pumps
Break time
Break location
Break size
Gap Conductivity
Accumulator Location
ECC injection
Void reactivity
Phase separation
0.25 msec to 100 msec
Top, bottom or side
4.12 ft2 to 18.35 ft2
l-to 1/4 temperature dependent
conductivity of helium
Cold legs, hot legs or upper plenum
2800 lbs/sec to 5200 lbs/sec, max.
A factor of 1 to 4 base-case values
Bubble gradient of 0.8 and 0.5
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Three break times are analyzed for each WHAM computation. These
times are 0.00025 second, 0.01 second and 0.1 second respectively. The 0.00025
second duration is considered instantaneous because it is the size of only
one time step while WHAM requires two time steps for the disturbance to travel
through the break. Thus, a total of 36 cases have been studied for the sub-
cooled depressurization, 12 each for the top, bottom and side breaks. The
local pressure and subcooled liquid velocity at the ends of each leg have
been computed for times up to 60 msec. For large breaks of 3-to 4-pipe-sizes, the
computation stops at a shorter time when the pressure at any place in the
system drops below the saturation pressure of the local liquid. The inertial
force exerting on the walls of the legs is also computed by integrating the
time-rate of change of the liquid momentum. The total force acting on any
leg in a specified direction is then obtained by combining the components in
that direction of the inertial force and hydrostatic force. Forces due to
gravity, friction and monentum fluxes are small and have been neglected.
The break time of 0.1 second has been used in the majority of RE-
LAP 3 blowdown calculations, but the break time of 0.01 second has been used
also to obtain a sensitivity of different parameters to the break opening time.
As indicated earlier, top, bottom and side breaks are analyzed for break size
in the multiples of 1, 2, 3 and 4 pipe flow areas. Reactor scram is achieved
by void formation solely. For each case, the following parameters are fol-
lowed: blowdown rate, mass remaining in the lower plenum, start of accumulator
ECC injection, flow rates, pressure and mass histories, end of blowdown time,
fuel rod temperature redistribution, heat transfer, clad temperature transient
and buildup of ECC water in the vessel. Only average values are obtained. The
processes are followed only to 25 seconds with the exception of a few runs which
are carried out to 40 seconds after break initiation.
(18)
1.2 Conclusions
The major conclusions of the study are listed below and are further
elaborated in the conclusion sections of Chapters 6, 7, 8 and 9.
1. Loss-of-coolant accident by pressure vessel rupture is quite
similar to the loss of-coolant accident by pipe break. The two most striking
items commonly attributed to the former accident are a faster loss of coolant
and the apparent inability to hold ECC water. These two items seem to be
amenable to corrective actions that would effectively reduce their severity.
2. For the vessel window type breaks up to 18 ft2 considered,
the subcooled loadings are largest for the instantaneous break time, becoming
smaller and smaller as the break time increases. The loadings are essentially
negligible for break time of 0.1 second or longer.
For the same break time, the loadings increase with break area, but
level out to a maximum value when the break area is large. This maximum value
is the difference between the initial subcooled pressure and the saturation
pressure which is assumed to exist just outside the break.
From design data of the internals. it appears that the core barrel
has enough structural strength to withstand the subcooled loadings without
failure. Subcooled loadings across the core would exceed 1000 psi in the case
of large vessel breaks, therefore they may approach the support strength of the
core. Other critical areas of concern would be the welded-on thermal shield which may
be subjected to excessive loading in the case of a side break. and the control
rod clusters which may be excessively deflected in the case of a top break.
The dynamic response of these components to the loadings is not within the
scope of the present study.
(19)
3. The blowdown is very fast for vessel breaks. ranging from just
over 12 seconds for one-pipe-size break to 7 - 8 seconds for larger sized
breaks. Flow choking exists not only at the break, but also at various flow
paths in the system. This phenomenon is the most important process and
has a pronounced influence on many blowdown parameters. End-of-blowdown,
heretofore defined as the time at which leak flow through the break first
stops, may need redefinition because of the violent fluctuating behavior
of the blowdown at large breaks in the vessel. Thus, while the system pressure
drops to the maximum containment pressure within 2 seconds when the break is
4 times the pipe flow area, there is still enough coolant in the system that
the flow out the break is still intermittently significant after the first
temporary pause. With the modified definition of EOB as the time when the
flow out the break has dropped to a small. insignificant value, then EOB
would range between 7 and 8 seconds irrespective of break sizes.
4. For any break location, there is still considerable coolant
remaining in the lower plenum which flashes to supply steam for core cooling
after EOB and before ECC water becomes effective. This applies even for
a break in the lower plenum at the buckled area which joins the cylindrical
section to the hemispherical head. When the break is at the lowest point of
the bottom head, phase separation with bubble rise of the coolant in the lower
plenum no longer helps. and practically all the coolant would be lost from
the lower plenum.
(20)
5. For bottom and side vessel breaks, flow reversal takes place
very fast, in less than 60 milliseconds for the cases considered. There is
some anomaly in the clad temperature calculated by the RELAP 3 program during
this period, the effect of which is carried for a long time after EOB. This
anomaly, the flipping of heat transfer to the stable film boiling regime and
locking it in that- regime is thought to be due to the absence of a valid
flow-dependent DNB correlation for flow reversal. The anomaly results in a
higher clad temperature in certain cases.
6. The average clad temperature transients in the center core
region assume the following general pattern: The temperature starts at the
average steady state value, increases slightly during flow reversal, then
decreases as the reactor has scrammed and the flow rate increases due to the
greater pressure differentials. At a time close to EOB, the temperature
turns around and increases. The excursion assumes a very steep slope
(some 200*F/sec.) during the quiescent period following EOB due to stable
film boiling and steam cooling. The temperature reaches a maximum in less
than 25 seconds. curving slowly downwards as ECC water becomes slowly effec-
tive.
When the break size becomes larger and larger, there is a tendency for
the average clad surface temperature to assume an asymptotic configuration the
maximum of which is below 1500*F. This is equivalent to the maximum of the
average clad surface temperature for the case of LOCA by guillotine pipe break
reported in the literature for an equivalent large PWR plant investigated in
RELAP 3 with practically the same initial conditions. This feature seems
to be of great significance in the contingency plans for core cooling. it
is thought to be due to the choking flow characteristics which leads to a
(21)
EOB of approximately 7 - 8 seconds for any break size. Thus, since the
heat redistribution of the fuel rod has been essentially over, the
heat production by fission products is more or less a constant, and the heat
removal at the clad surface by steam cooling is low but not too different,
then the clad surface temperature would of course assume an asymptotic pattern.
It is believed that this fact will contribute substantially to the design of
safeguards that can ultimately cool the core even at large vessel failures.
7. Various sensitivity studies have been made to evaluate the
effects of important parameters in the blowdown process.
a) The bottom and side breaks result in worse loadings to
the internals than the top break, and the peak of the average clad surface
temperature at the center core region is also higher. But for the same
location, the peak is about the same for all large break sizes.
b) The break times of 0.01 second and 0.1 second caused dif-
ferent subcooled pressure differentials across vessel internals, but do not
give rise to any significant difference in blowdown rate, flow rates, mass
remaining in the lower plenum, and temperature transients. There are only
slight differences in the flow reversal time, reactor scram, and system
pressure in a very short duration following break actuation. These differences
have negligible effects on the EOB and clad temperature transients.
(22)
(c) The ECC injection rates from the same accumulator systems
but with different maximum rates from some 2800 lbs/sec to 5200 lbs/sec
have been studied. The higher rate of injection gives only a slightly lower
peak for the average clad surface temperature. This is thought to be due to
the fact that EOB takes place very fast while it takes some time for the ECC
to build up from zero to a maximum value. Furthermore, the ECC water is slow
in reaching the core due to the RELAP3 assumption of thermodynamic equili-
brium in the leg where ECC water is injected into.
(d) The location of the ECC injection has a marked effect on
the clad transient. When the location is at the hot legs or upper plenum, the
peak temperature is higher than when the location is at the cold legs. This is
thought to be due to the fact that as the ECC cold water is injected early in
the blowdown, it lowers the pressure in the upper plenum and the hot legs
thereby reducing the flow through the core. This is particularly prominent
during the quiescent period when only a small pressure differential drives
the steam through the channels for core cooling. However, it may also be due
to the nature of the RELAP3 Code. At the present state, the code does not
allow for any initial ECC water velocity nor any water entrainment both of
which are obviously important if the core is to be cooled from the top.
(e) The gas gap conductivity has a strong effect on the temper-
ature of the clad surface temperature. The lower the conductivity, the higher
the peak of the clad temperature transient. For example, a difference of 400*F
is seen when the gas gap conductivity changes from 1/2 to 1/4 the temperature-
dependent conductivity of helium (1-pipe-size top break). This effect is due
to the fact that a low conductivity interferes with the heat removal during the
(23)
beginning phase of the blowdown when the coolant flow through the core is
high and effective. The redistributed heat is thus confined in the fuel,
and will have to transfer out to the clad later when only steam is avail-
able on the outside to remove it.
A high conductivity. about 1/2 that of helium, is more probable
for the gas gap at normal operation because the centerline temperature is
2800*F on the average, a value comparable to the design value. But very soon
after the break, due to decreased coolant pressure, the clad may balloon, thus
decreasing the overall conductivity of the gap. If the gap conductance has a
strong effect on the clad surface temperature after EOB, then this phenomenon
certainly is deleterious to the core cooling.
(f) A change of void reactivity coefficient from 1 to 4 times
the base case values results in a relatively faster reactor scram, but other-
wise is very insensitive to other parameters such as flow reversal, EOB, mass
remaining in lower plenum, and clad surface temperatures.
(g) A change of the phase separation model from the base case
to the more homogeneous model (smaller bubble gradient) results in a slightly
faster blowdown and a slightly higher clad surface temperature. However,
the quantity affected the most is the coolant mass remaining in the lower
plenum. A more homogeneous phase model would leave less water. Thus, for
the case of 1 pipe-size top break, only half as much water left if the phase
model has a bubble gradient of 0.5, as compared to the base case with a
bubble gradient of 0.8.
(24)
1.3 Recommendations
The following recommendations are proposed:
1.3.1 Break Time Determination
Sensitivity study in this work has indicated that the break time
is not sensitive to the two-phase blowdown processes, but is very sensitive
to the subcooled loadings. Therefore, it is highly desirable that the
fastest break time of certain break size be determined with a reasonable
degree of confidence. Work on fracture mechanics in the HSST project may
in time provide this information. If it can be established that the break
time is slower than "instantaneous', then the subcooled loadings are signi-
ficantly reduced, and the integrity of the vessel internals can be counted on
with more confidence.
1.3.2 Transient DNB Heat Flux Correlation
The determination of burnout is dependent on the DNB heat flux
correlations which were established under steady state conditions. The extra-
polation of the validity of these correlations to transient conditions may
result in serious error, particularly in the cases involving flow reversal.
The behavior of the clad at every moment has effects on the entire course
of the blowdown, therefore, the use of a steady state DNB correlation to
predict burnout results in conservative temperatures for the fuel clad but
may lead to other incorrect information such as flow rates. Transient DNB
heat flux correlations are, therefore, needed.
(25)
1.3.3 Different Modes of Emergency Core Cooling Injection
Results of this study indicate that the ECC water is most needed
when the primary coolant has blown down almost completely. Furthermore, the
time for EOB is almost the same for large breaks. Therefore, it is of interest
to look into different modes of ECC injection both to render the ECC water more
effective and to improve somewhat the economic and engineering penalties that
may be associated with current ECC designs. The different ECC modes may include
more redundant ECC injection locations, lower injection pressure, top and core
sprays, vents to relieve the effect of steam binding, and even the use of the
steam generators as a ECC water source.
1.3.4 Further Study of Vessel Break Consequences
For lack of time and resources, the present study has not included
an analysis for the dynamic effects of the subcooled loadings on vessel inter-
nals and the temperature transient of the clad hot spots. Only comparison
with data of LOCA by guillotine pipe break has been made. The data or responses
of vessel internals have been used on faith that they are correct for the quoted
low loadings. But for subcooled loadings approaching 1100 psi in magnitude
and 100 cps in frequency such as those reported in this study, new analyses
for vessel internals responses seem appropriate.
It has been concluded that in the first 25 seconds following the
vessel rupture, the peak of the average clad surface temperature is below 1500*F
and is similar to the same quantity for LOCA by pipe break. The use of THETA-lB
to predict the temperature of the hot spots for the latter case has been made
elsewhere with the result that the highest temperature is at no time exceeding
(26)
2300*F (A4). It is recommended that the THETA-lB or a similar code be used
in conjunction with flow rates established in this work to compute the expected
maximum hot spot temperature during vessel blowdown.
Furthermore, the study of the core behavior beyond 25 seconds is
recommended to find out the long-term coolability of the core. In this case
other modes of core cooling could be considered, such as top or core spray and
the possibility of cold water flowing from the vessel cavity towards the inside
of the vessel through the break.
Other consequences of a vessel rupture accident must be brought under
consideration. These include the capability of the containment to withstand
the fast pressure transient, the problems of missile generation, and the remote
possibility of a slumped core.
1.3.5 Code and Model Imnrovements
The following improvements in the WHAM and RELAP3 codes and their
use are proposed:
a. As WHAM uses the speed of sound at every time node to update
the varying parameters (pressure, velocity and inertial force), it would be
more accurate to input the sound speed as a function of pressure (still
assuming that the enthalpy is basically constant in this very short duration).
A slower sound velocity at lower subcooled pressure would effectively reduce
the loadings and slow down the pulses. Experiments with semi-scale vessel
rupture (G2) have indicated that WHAM overpredicts the loadings at large
break sizes.
(27)
17 b. The one-dimensional simulation of the physical network for WHAM
calculations seems to be justified for all sections of the primary system except
the downcomer annuli, the vessel plena and the steam generator plena. In these
regions, two- and even three-dimensional acoustic wave propagation is certainly
significant, therefore, to model them as one dimensional short pipe is too
coarse a simplification. Fabic (F5) has proposed the employment of rectangular
or cubical networks for these regions, but no modification to the WRAM code has
been available in the public domain. Efforts in this direction would result in
lower but more accurate loadings to the vessel internals.
c. At present, RELAP3 seems to contain several shortcomings that can
be improved with only moderate effort.
The cause must be found for the apparent persistence of the heat
transfer in the film boiling regime in some calculations while in others the
heat transfer proceeds with a seemingly more physical pattern. This cause
is found in this study to be related to the flow reversal and the use of the
various steady state DNB flux correlations. While it can be readily admitted
that the current DNB flux correlations are inadeouate for the flow reversal
transient. it seems physical that the clad temperature should only rise very
slightly during the few milliseconds of the reversal, then should again drop as
the nucleate boiling regime is recovered due to the reversed but higher-than-
normal mass flow rate.
d. This study has indicated that the maximum clad surface temperature
is very sensitive to the gas gap conductivity of the fuel rods. The swelling
and ballooning of the clad is most likely to occur when the coolant pressure
(28)
has dropped to a low value and when the clad surface temperature starts on a
steep climb (T6). The effect of these phenomenologies to the transfer of
the stored heat from inside the fuel must be evaluated if the clad surface
temperature is to be computed more accurately.
e. There must be a provision in REIAP3 to account for the ECC in-
jection velocity. When the ECC line is perpendicular to the cold leg, the injec-
tion velocity is effectively stopped at the injection location, but there
bave been designs (C5) with the ECC nozzles making an angle with the
cold legs. In this case, a separate treatment of the injected,. cold liquid,
and of the two-phase (mostly steam) coolant would be desirable. In other words,
the assumption of instantaneous mixing in these volume nodes should be substituted
by a model of two-component flow in pipes with appropriate entrainment consideration.
This effort is reported to have been made by some reactor manufacturers (CS),
but no usable results presently exist in the public domain.
f. RELAP3 presently employs the forward finite difference technique
to integrate the sensitive momentum equation. Even at very small time steps, which
is computationally expensive, the flow rate fluctuates unrealistically in the core,
particularly during the steam cooling period. It has been pointed out that
the use of the backward finite difference technique allows larger time steps
and renders the flow smoother (R6). -It is recommended that this effort be
undertaken for RELAP3.
(29)
g. Current practice in loss-of-coolant accident analyses includes
the use of a series of large computer codes, the output of one is being fed
as input into the other. The logic of these codes, such as RELAP3, is based
on assumptions many of which are oversimplified. Experimental evidence is
needed to provide some degree of confidence in the results calculated by
these computer codes.
(30)
CHAPTER 2
INTRODUCTION
2.1 Perspective and Rationale
2.2 Outline of Study
2.3 Areas Not Under Study
31
34
35
(31)
2. INTRODUCTION
2.1 Perspective and Rationale
It has often been pointed out with pride, and may be rightly
so, that no major human enterprise has ever been undertaken with the
same excellent safety record as that of the nuclear industry. From the
early days of the successful control over nuclear chain reactions, the
exploitation of the energy from inside the nucleus has been conducted
with the highest degree of care. This is possible thanks to the nation-
al, well thought-out nature of the enterprise, and perhaps also to ne-
cessity because of Man's first hand lesson that an unwise unleashing of
nuclear energy can cause untold damages.
Commercial nuclear power has been a fact of life today and is
proceeding to take over a larger and larger share of the power generating
capacity in the foreseeable future. As of 1972, over 129 nuclear reac-
tors totalling over 100,000 MWe have been operable or under construction
or committed to be built in the United States (P3). Most of these re-
actors are of the light-water cooled and moderated category, although
the high temperature gas-cooled reactors are beginning to come into the
market. These powerful reactors, with power levels between 600 MWe and
1200 MWe, are usually sited as close to load centers as safety and re-
gulation would permit. Often, large stations of multiple 1000 MWe units
are sited within 30 miles from large metropolitan areas. Such siting is
based upon the confidence that these nuclear plants are constructed and
operated with no undue hazard to the safety and welfare of the public.
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The basis for the confidence in the safety of nuclear plants
is the provision for multiple barriers of protection, the so-called de-
fense-in-depth concept. This concept stipulates that the nuclear plant
must first be designed, built and operated with such quality and care
that the probability of an accident occurring is very small. Then, pro-
tective systems -are further provided to take corrective actions should
certain plant functions not behave as expected. Finally, even these
protective systems may be assumed to malfunction at the time they are
called upon, and thus contingency measures must be available to mitigate
the consequences. A very powerful technique commonly employed in the
pursuit of this defense-in-depth concept is the single failure criter-
ion. This criterion provides that any single component of the machine
can be assumed to fail without causing undue safety hazard.
The general design criteria of 10 CFR 50 (Codes of Federal
Regulation, Title 10, Part 50), Appendix A (Al) require current light
water reactors to provide analyses and protection for the whole spec-
trum of pipe break sizes, the most severe being the guillotine cold leg
break. Thanks to its compact geometry and its higher strength, the re-
actor pressure vessel failure is not included in this spectrum of re-
quirements.
Current pressure vessels of light-water power reactors are
built and operated in accordance to ASME Section III, Nuclear Vessels
Code which was first promulgatedin 1965 and has been subsequently sub-
jected to many additions. A description of the pressure vessels is
provided in Chapter 3 and a description of the Code is provided in
(33)
Appendix D.
To date, there is scanty statistics on the failures of pres-
sure vessels. Some data exists on the failure probability of small boil-
ers and pressure vessels which were built in accordance to an assort-
ment of older, less stringent codes, (Fl, Kl, M12, S7). No pressure ves-
sels built to ASME Section III has ever suffered a notable failure under
operation. Most of the minor problems such as the existence of certain
flaws within the vessel wall, or cladding cracks, or closure stud under-
strength... have been detected and subjected to corrective action by the
Code's inherent program of quality assurance. Although better data is
yet to be established, it is believed that the probability of a catastro-
phic failure under operation of -a reactor pressure vessel of ASME Section
III design is exceedingly small.
The present research is undertaken with the above perspective.
In spite of the real superior quality of the reactor vessel, this work
nevertheless postulates a hypothetical hole in it so as to initiate a
loss-of-coolant accident by "'vessel rupture". There is no basis for this
postulate. The only justification of any credibility is that a pipe
break if happened very close to the vessel can be viewed as a breach in
the vessel. The objective of the postulate is to study the subsequent
blowdown phenomenologies in order to understand certain aspects of the
plant behavior under such a hypothetical accident. The merit of the
understanding of things to be expected in certain hypothetical but impor-
tant circumstances for prodent and economic planning is self-evident.
(34)
2.2 Outline of Study
Chapter 1 of this work contains the summary, conclusions and
recommendations of this study. Chapter 2 is the present chapter dealing
with the rationale and outline of the work. Chapter 3 describes the
manufacture, service conditions and other characteristics of current
light water reactor pressure vessels. Chapter 4 describes the subcooled
blowdown computational technique and the computer code WHAM. Chapter 5
describes the two-phase blowdown computational techniques, the computer
code RELAP 3, and the representation of the PWR primary system in a net-
work of volume nodes and flow junctions. Results and discussions on top,
bottom and side breaks are presented in Chapter 6, 7, and 8 respectively.
Chapter 9 provides a sensitivity study for different parameters such as
break location, break size, break time, ECC injection location, ECC in-
jection rate, fuel-clad gap conductivity, and vapor-liquid separation
models.
Efforts have been made to use the most up to date data on
plant design and other physical properties. Appendix A contains design
data of a 2758 MWt PWR plant that have been directly or indirectly used
in the computation. Appendix B lists the physical properties of fuel,
clad and other materials that are employed. Appendix C presents the
heat transfer and DNB regimes and correlations used in RELAP 3. The
requirements of ASME Section III, Nuclear Vessel Code and the status of
current vessel failure analyses are presented in Appendix D.
The reference list is separated into sections according to
(35)
[. ~alphabetical order but no effort is further made to organize entries in
each section.
2.3 Areas Not Under Study
There is understandably a multitude of phenomena, problems and
concerns worthy'of inclusive consideration in the event of a vessel rup-
ture. However, in order to obtain some understanding in depth of a cer-
tain problem area, it has been found necessary to single out that area
with clearly defined assumptions. The scope of this study has been des-
cribed earlier as to include the subcooled blowdown and the two-phase
blowdown phenomenologies. The time period covered is only up to 40 sec-
onds following the initiation of the accident. No fracture mechanical
analysis is provided as to why and how the vessel failure takes place.
The standard ECC systems are included in the analyses but the flooding
of the core beyond the indicated time period is not considered. Only
average values of the heat transfer coefficients, flow rates, and tem-
perature in certain regions of the primary system are investigated, i.e.,
no effort is made to study the behavior of the hot channel. It is be-
lieved that the overall study of the transient will tell more about the
behavior of system and core coolability, whereas hot channel analysis
is important to satisfy certain regulation criteria such as the tempera-
ture limit. Furthermore, it is believed that if the core remains its
integrity and can be cooled in the first 40 seconds of the accident,
there exist real possibilities to cool it in the longer term either by
current ECC systems or by modified ones.
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The problems of metal-water reactions and hydrogen production
are only considered insofar as they are an integrated part of the cool-
ant blowdown and clad heatup. No effort is made to consider them separ-
ately, either during the blowdown or after it. From the containment
standpoint, a large hole in the pressure vessel would pose substantial
pressure and missile problems which must be mitigated if the containment
criteria are not to be violated. No efforts have been made in the current
study to include these problems.
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3. REACTOR PRESSURE VESSELS
TECHNOLOGY, SERVICE CONDITIONS AND FAILURE POSTULATES
3.1 LWR Pressure Vessels
The reactor pressure vessel in light-water reactors performs the
very vital function of housing the reactor core and providing a pressure-
tight boundary for- the primary system coolant. The safe performance of the
pressure vessel throughout the life of the nuclear plant is a foremost re-
quirement without which the plant cannot be permitted to operate. Because
of this role, considerable importance has been attached to the design,
fabrication, testing. quality assurance and inspection of these vessels.
3.1.1 Pressure Vessel Description
As part of the rapid growth of the LWR industry with the manufacture
of ever more powerful reactor cores, the steel pressure vessels that house
these cores have also gone through a dramatic increase in unit size. Current
1000 MWe BWR reactor vessels measure up to 60 feet in height, 23 feet in
diameter and 6-1/2 inches thick. By reason of higher operating pressure but
smaller core and primary coolant inventory, a 1000 Mie PWR reactor vessel
is smaller but thicker, some 50 feet in height, 14 feet in diameter and 8-1/2
inches thick. Reactors with net electrical output up to 1500 MWe have been
mentioned, and present heavy industry has the capability of fabricating steel
pressure vessels to house such large reactor cores.
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Figure 3.1.Fl shows a typical steel reactor vessel of a
large PWR primary system. It is cylindrical in shape with hemispherical heads
at the two ends. The top hemispherical head is attached to the cylindrical sec-
tion by a system of flange, bolts, nuts and seals. Coolant inlet and outlet
nozzles lie on the same plane on the upper portion of the cylinder. Other
penetrations are for control rod sleeves at the top head and instrumentation
thimbles at the bottom head. The wall thickness is larger at the cylinder
than at the heads because hemispherical section-can better distribute stresses
due to internal pressure and because radiation effects are most prominent in
the cylindrical section which is close to the core. Due to large number of
penetrations, substantial reinforcements are seen at the region around the
nozzles and flanges.
Figs. 3.1.F2 and 3.1.F3 show the main features of vessel
internals. The core is placed in the cylindrical vessel section, below the
nozzles. It is attached to the core barrel which hangs down from the flange
and is supported by the upper and lower support system. The region of the
vessel above the core is generally referred to as the upper plenum while the
region below it is called the lower plenum. Subcooled inlet water flows in
the vessel from the cold legs via the cold leg nozzles, then makes a 90
degree turn to flow down the annulus to the lower plenum. At the lower
plenum, it makes a 180 degree turn to flow up to the core through a system
of flow distributor plates. While in the core, the water is heated up to
a temperature slightly below the saturation temperature. The heated water
then flows to the upper plenum, mixed by turbulence, then flows to the hot
leg via the outlet nozzlec, to the steam generator for cooling, then is
pumped back to the cold leg for another cycle.
(40)
Fig. 3.1.Fl
A Typical PWR Pressure Vessel (From Ref. Il)
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3.1.2 Service Conditions
Current designs of BWR vessels are based on a temperature of 575*F
and a pressure of 1250 psig. The corresponding bases for PWR vessels are
650*F and 2500psig. These specified levels provide margin for operational
maneuvering, transients, and set-point ranges for relief and safety valves.
The control of water conditions is important to preserve the
integrity of the wetted surface of the vessels and its internals. Water must
have less than 1 ppm of solids and 0.15 ppm of chloride. Dissolved gases such
as xenon, krypton, nitrogen are kept at a constant low level through the use
of gas stripper-deaerators. In PWR's hydrogen and a pH control agent, usually
hydrazine, are introduced to control the dissolved oxygen to a pH level
between 9.5 and 10. BWR's do not use the same scheme because the condenser
tends to strip off the hydrogen without which hydrazine would break down to
form nitric acid because of the high radiolytic oxygen level.
Special designs are made to minimize the effect of radiation on
vessel walls. BWR vessels receive a lower neutron dose than FWR vessels by
virtue of a greater clearance between the core and the vessel wall. A
thermal shield consisting of a stainless steel plate approximately 4-1/2 inches
thick has been used in most Westinghouse PWR's to reduce the total fast
neutron fluence. Other PWR's such as those by Combustion Engineering, employ
a thick core barrel to include the function of the thermal shield. The peak
design life dose levels are less than 1018 nvt for BWR vessel walls (B6) and
approximately 3 x 1019 nvt for PWR vessel walls. (W3).
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TABLE 3.l.Tl
TRANSIENT THE!MAL AND LOADING CYCLES
FOR A 2758 MWt PRESSURE VESSEL (Cl)
Transient Condition Design Cycles*
1. Plant heatup at 100*F per hour 200 (5/yr**)
2. Plant cooldown at 100*F per hour 200 (5/yr)
3. Plant loading at 5% of full power per minute 14,500 (1/day)
4. Plant unloading at 5% of full power per minute 14,500 (1/day)
5. Step load increase of 10% of full power
(but not to exceed full power) 2,000 (1/week)
6. Step load decrease of 10% of full power 2,000 (1/week)
7. Step load decrease of 50% of full power 200 (5/year)
8. Reactor trip 400 (10/year)
9. Hydrostatic test at 3110 psig pressure,
100*F temperature 5 (pre-operational)
10. Hydrostatic test at 2485 psig pressure and
400*F temperature 40 (post-operational)
11. Steady state fluctuations - the reactor coolant average temperature
for purposes of design is assumed to increase and decrease a taximum
of 6*F in one minute. The corresponding reactor coolant pressure
variation is less than 100 psig. It is assumed that an infinite
number of such fluctuations will occur.
* Estimated for equipment design purposes (40-year life) and not intended
to be an accurate representation of actual transients or to reflect
actual operating experience..
** This transient includes pressurizing to 2235 psig.
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Fatigue analyses involve the following categories of cycles (Table 3.1.Tl):
a) Startup and shutdown cycles.
b) Load changes in normal operation.
c) Transients associated with safety action and integrity tests.
Mechanical loadings considered for the vessel are piping reactions,
loading from mechanical devices that are appurtenances to the vessel, hydrau-
lic loading, bolting action at flanges and seismic loading.
The reactor vessel is housed in a cavity with thick concrete walls
vhich serve as biological shields. Normally. a 3 inch reflective steel or
aluminum insulation layer cover the vessel on the outside to minimize tem-
perature gradients in the vessel walls and to reduce thermal loss at the
same time.
3.1.3 Fabrication
The techniques employed in the manufacturing of LIR vessels are
similar to the techniques long practiced in the manufacture of heavy-walled
petrochemical tanks. The principal vessel parts are the cylindrical shells,
heads, flanges, nozzles, studs. nuts, supports. control rod sleeves and
other penetrations. The material forms 'used are plates, forgings, bar stock
and welding materials. Core internals, attachments supports and other
appurtenances are also made from material forms such as castings, pipes,
tubing, sheets strips and structural shapes.
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Fig. 3.1.F4 shows an exploded schematic view of a typical LWR
pressure vessel. The vessel is welded together from a number of courses.
Depending on size, the head can be pressed from one steel plate or can be
welded together from a number of hot-formed segments. The cylindrical shell
may consist of integral rings circumferentially welded together or from
rings which themselves are welded together from partial cylindrical courses.
Therefore, a large LWR pressure vessel usually consists of many courses
joined by circumferential butt welds and longitudinal weld joints. The
welding techniques most commonly employed are the arc welding for the heads
and arc welding or electroslag welding for the cylinder.
On the inside of the vessel, there is an austenitic stainless steel
cladding. A nickel-based alloy overlay is sometimes used for flange faces
or areas where stress corrosion may be of concern. The cladding thickness
is 5/32 inch nominal and 1/8 inch minimum. No grinding or machining is done
to the cladding, and the as-deposited single-layered clad is used in the
vessel.
Upon completion of the vessel assembly, stress relief, annealing, and
dimensional inspection, the body and closure head are finish machined. Among
the most intricate tasks is the boring of penetrations. This requires accurate
gauging, optical and calibration equipment for metrology for both setup and
inspection, controlled environment and large machine tools.
(47)
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Early reactor vessels were fabricated from C-Mn ASTM A-212B steel.
Since this steel shows deterioration of toughness in heavy sections, present
vessels are fabricated from a nickel-modified version of ASTM A-302B plate,
a Mn-Mo steel. The current designation for this material is ASTM A-533.
The corresponding forging material is ASTM A-508 Class 2. The mechanical
properties of these materials are generally satisfactory for the present
requirements up to 12-inch thick sections, but the notch impact properties
are marginal for heavier sections. For the next generation of LWR pressure
vessels, ASTM A-542 and A-543 steels have been considered. These materials
are hardened by quenching and tempering heat-treatment and have mech-
anical properties in the high-strength category.
3.2 Description of Reactor Vessel Failure Postulates
The previous section has described current LWR pressure vessel
size, material, manufacture and operation conditions. Appendix D describes
briefly ASME Section III-Nuclear Vessels and current design analytical tech-
niques. This section presents factors contributing to the possible failure
of a reactor vessel and the postulates of such a failure for this study.
3.2.1 Factors Contributing to the Possible Failure of a Reactor Vessel
The following factors may contribute to the failure of a nuclear
pressure vessel.
a. Structural inadequacy resulting from design, underdesign,
excessibely high localized stress concentrations, insufficient materials
properties, materials defects, fabrication defects, and residual stresses.
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b. Service deterioration due to corrosion or mechanical abrasion'
or to charges in material properties of thermal, mechanical, or radiation
origin.
c. Progressive extension of flaws by mechanical or thermal stress
cycling fatigue.
d. High-temperature failures from overheating or creep.
e. Short-time brittle fracture or ductile tear caused by over-
loading, over pressurization, temperature charges, or accidential shock
or impact.
f. Human negligence or error.
Most failures would involve a combination of these factors. Over
the lifetime of the vessel, there could to be 29.000 cycles of unit loading
or unloading at 5% of full power per minute. 4000 cycles of step load
decrease or increase of 10% of full power, 400 heatup or cooldown events at
100*F/hr., 400 reactor trips of all kinds, 200 step load decrease of 50% of
full power, 200 leak test at 2500 psi and 5 hydrostatic tests at 3110 psi.
(Table 3.T'l). In the assumption of PWR vessel failure, it is considered that
flaws and cracks may be developed to such sizes as to propagate catastrophically
when the reactor is at normal operating conditions, and particularly when an
abnormal overpressurization condition occurs. Some incidents that create
overpressure in a pressurized-water reactor are:
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a. Turbine trip without reactor trip: The reactor is initially
at full power when a turbine trip is caused by high pressure in the con-
denser. The pressure in the steam generator rapidly rises to 1200 psia,
the relief valve set point. Lack of adequate heat transfer causes the
pressure in the primary system to rise first to 2500 psia, the relief
set point of the pressurizer, then to 4250 psia after the pressurizer has
been filled with liquid (Wl).
b. Loss of a feedwater pump without reactor trip: If no primary
loop pressure control is allowed, the reactor coolant would reach an average
temperature of 595*F. The pressurizer relief valves would limit the pres-
sure to 2500 psi, but when the pressurizer is filled, then a pressure would
build up to 4391 psi at 102 seconds after the incident (Wl).
c. Large reactivity insertion accident caused either by faulty
instrumentation, human errors, or by a rod housing blowout. It has been
computed that, for a light water reactor, a fast withdrawal of the central
control rod would result in a power surge that would produce a total energy
of the order of half the energy inventoried in the coolant (B4).
For a PWR of 2758 MWt size, this represents some 150 x 106 Btu
which is more than enough to fragment and vaporize the whole fuel. The
resulting pressure surge would be of the order of the surge observed in
the BORAX-1 destructive transient test, that is, about 6000 psi.
When an abnormal incident or series of incidents occur in the
manner described above, the pressure vessel could fail catastrophically.
One can consider the following hypothetical modes of failure:
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a. Reactor vessel head opens up by zipper effect starting with
one or a few failed bolts. In this case. the whole core may be lifted due
to the hydrodynamic force.
b. A radial crack develops circumferentially above the nozzles
and propogate catastrophically. The same consequences as in (a) above
would follow.
c. Circumferential catastrophic failure below the nozzles. As
the vessel is supported at the nozzles, the lower portion of the vessel would
drop, exposing the core.
d. Cracks develop around the nozzle and a large window of the
nozzle size or larger would be created. In this case, coolant blowdown
would take place almost in the same manner as the pipe break accident. But
due to lack of support at the blown out nozzle, the vessel would move under
the influence of blowdown hydraulic forces.
e. A window type break at the bottom plenum region resulting
in loss of all coolant and emergency core cooling water. The core would
heat up and slump.
f. A longitudinal split at the beltline region. Hydraulic
forces may dislocate the core and all coolant including emergency core
cooling water may be ineffective.
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The window type break is assumed mostly to take place at the heat-
affected zone around the welds that join the vessel courses together. A some-
what exaggerated but real life example of the break is the December 22, 1965
ammonia tank accident in England as previously described (W3).
It must be emphasized that at the present state of technology.
there is no evidence to support the above hypothetical vessel break
assumptions. In fact, research in the Heavy Section Steel Technology
program (T6) indicates that any such a break would be highly improbable.
3.2.2 Vessel Failure Postulates for This Study
In order to reconcile the firm belief on the part of the industry
that the LWR pressure vessel cannot possibly rupture, and the understandable
need to evaluate such an event for far reaching contingency planning, it
is decided to postulate the following failures in this work:
a. A partial split or window-type break in the upper plenum
of the vessel. This is called the top break.
b. A partial split or window-type break in the lower plenum
of the vessel. This is called the bottom break.
C. A partial split or window type break at the side of the vessel.
This is called the side break.
For each break location, a number of break sizes will be studied.
Other break modes such as the opening of the total head or the severance of
the coolant legs at the same time as the vessel break are not dealt with
in this study.
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4. SUBCOOLED DEPRESSURIZATION COMPUTATIONAL TECHNIQUE
4.1 Computer Code WHAM
4.1.1 Description of WHAM
The basic equations to be solved in order to obtain the force and
pressure loadings as a function of time are the three conservation equations
of mass, momentum and energy. However, due to their couplings, their simul-
taneous solution has not been easy. Many computer techniques have been
developed to do this job, but few have been completely satisfactory insofar
as computation time. versatility, and exactness are concerned. A few recent
codes are BAM (B5), BURST (12), WHAM (F3), FLASH3 (RS) and RELAP3 (R2). The
last two use the technique of finite nodal volumes interconnected by junctions,
thus invoking the concept of thermodynamic equilibrium but neglecting the effect
of the wave interaction. BAM employs the subcooled relaxation method with
acoustic wave reflection coefficients at area changes. It was found lacking
in versatility and was accurate only for certain relatively simple geometries.
BURST, in attempting to account for all space-time details, demands exces-
sive computation time in addition to its difficulty in adapting to a complex
system as the primary coolant loops.
WHAM, on the other hand, has been experimentally tested and widely
used. It employs the wave superposition technique to account for the pres-
sure and velocity while neglecting the energy conservation equation. In order
to account for space dependence. it assumes the loop to consist of one-
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dimensional segments (legs). Segment lengths, sonic velocity, and unit
time interval for the wave to travel through the segment are all preset as
input information so that the accounting of wave transmission, reflection
and superposition can be accounted for as time progresses. The assumption
of constant sonic velocity in each leg limits the validity of the code to
the subcooled portion of the blowdown when sound velocity is not drastically
altered by the two-phase mixture.
Advantages of WHAM are its versatility in modeling a complex three
dimensional network with multiple junctions and parallel flow paths, ease
of data preparation and low computation cost. Gruen (G2) and Hansen (H4) have
used WHAM for the prediction of the Idaho 700 and 800 series semi-scale blowdown
tests and have concluded that the calculated pressure histories match the
measured values sufficiently well.
A disadvantage of WRAM is the assumption of plane wave propagation
in one dimensional tubes. This assumption would work well for the core chan-
nels, the hot legs, the cold legs, the steam generator tubes- but would
fare poorly at the upper plenum, lower plenum and particularly at the down-
comer annuli. Another disadvantage is the inability to extend the calcul-
ations for inclusion of the two-phase portion of the blowdown. This limita-
tion is not of prime concern because the largest loadings always happen
during the first few wave periods when the system is still substantially sub-
cooled. BLODWN-2, a proprietary code by Westinghouse claims to have been
able to link the subcooled portion of the loadings to the two-phase one. (F4).
Examinations of the results from BLODWN-2 for the pipe break LOCA confirms
that the first few loading periods involve the pressure differentials of
highest magnitudes (Cl) .
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4.1.2 Formulation of Basic Ouantities
HAM considers compressible liquid flow in one-dimensional, elastic
pipes. The physical laws invoked are:
- The conservation of mass
- The conservation of momentum
- Linear relationship between compressed liquid density and pressure
- Linear relationship between internal pressure and pipe strain
(Young modulus of elasticity).
- The linear superposition of plane acoustic waves.
The liquid velocity and pressure are cast into the following wave
equations:
a2u 2 
-
2u
- 2 2
at c p(4.2)
vhere u is the velocity, p is the pressure, t is the time, z is the distance
along the pipe segment, and c is the speed of sound in that pipe segment.
Solutionsof equations (3.1) and (3.2) are two waves traveling
with the velocity of sound and in opposite directions:
p - Po = (t - z/c) + f (t + z/c) (4.3)
U - uO = F (t - z/c) - f (t + z/c) (4.4)
where is the fluid density.
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The opening or closure of valves creates a series of disturbances
because such a process must be described by a time-dependent loading impulses.
The accounting for these disturbances is done in a similar fashion as in the
case of one disturbance. At any instant t, an observer at position z sees
only two waves, F and f, but these waves have histories that incorporate what
has been going on from time zero. The first disturbance is created in the
folloiring manner: The valve opening is at a value A. Based on the liquid
pressure and the back pressure at the break, a liquid discharge velocity can
be computed. This discharge velocity then is fed into equation (4.4) to
determine the value of the decompression wave, taking proper consideration for
initial conditions.
The rupture is normally characterized by a linear function of time.
It starts from 0 at time 0 and increases linearly to the rupture area Arup
at break time tb* When tb is very small, approximately 1 or 2 time steps in
the computer iteration, then the break is termed "instantaneous". A time step
is the time for the wave to travel from one subnode to the next. For a distance
between subnodes of 0.8 ft. and a wave velocity of 3200 ft/sec., the time step
size is 0.25 msec.
4.1.3 Pressure and Force Loadings
The principal items of interest that WFAM attempts to compute are
the pressure and force loadings on different parts of the system. In the case
of nuclear primary loops, the most important parts of the system are the core
and core supports which must maintain a coolable geometry for long-term residual
heat removal.
(58)
In the case of transients induced by the opening of a break,
F(t-z/c) would represent a rarefaction wave traveling in the direction
of positive z with sonic velocity, while f(t+z/c) would represent a comp-
ression wave traveling in the opposite direction.
The computer program THAM Codes equations (4.3) and (4.4) by making
use of the fact that the wave at position z at time t is exactly the wave
at position z-1 and at time t-l (here both z and t have been nodalized). If
an observer is posted at location z at time t, his "initial conditions" are
the velocity and pressure of the liquid at the previous time t-l. At time t,
he sees two waves converging on him. The first is the decompression wave F
traveling from position z-1 and having magnitude F(z-1, t-1). The second
is the compression wave traveling from position z+1 and having magnitude
f(z+1, t-1). The current condition at z is thus the result of the super-
position of F and f with the proper initial condition as previously described.
If only one disturbance, say decompression front, is sent through
the pipe, then that wave would be the only wave traveling in the system, that
is, F is finite but f is zero. But this wave would be reflected at the end of
the pipe to become a compression of wave which travels in the opposite direction.
Thus, one has a situation that the wave bounces back and forth at the two ends
of the pipe until the wave magnitude is dampened out.
When the system consists of many pipes with contractions, enlargements,
bends, and multi-connection joints, the waves suffer a series of reflection, trans-
mission and dampening due to friction. WYHAM accounts for these phenomena by
using reflectiontransmission coefficients which are normally used in fluid
dynamics.
(59)
As WHAM calculates the pressure at every end point of each leg,
the pressure differential across any leg or any number of legs can be readily
computed by taking the difference of the proper values.
The force acting on any part of the system consists of the fluid
inertial force, the hydrostatic (pressure) force, the momentun flux force,
the friction force and the body force. In WHAM formulation, it is:
G2
-Fm G.dV+ p+A .
C2
+ p + A 2 2'
+ K A (n.2) + g k.dV
£ V
where F is the exerting force
G is the mass flux
M is the direction of interest
n is the normal to the surface of interest
Index 1 and 2 refer to inlet and exit planes of the control volume V.
All un-indexed values refer to average values throughout the control
volume V.
Of the above force components, WHAM calculates only the inertial
component. The other components can be readily evaluated from other informa-
tion such as the pressure and velocity which are also given in TTHAM printout.
The body force is usually neglected because it is very small compared to
other terms.
(60)
In this work, only maximum force loadings on the core, the core
barrel and the thermal shield are evaluated.
4.2 WHAM Model for LOCA by Vessel Rupture
A sudden break in the piping or at the pressure vessel will send
disturbance waves throughout the system. WHAM has been reasonably successful
in accounting for these waves, and the degree of success depends to a great
extent on the modeling of the primary loops. In general, the more detailed
the inputs, with proper setting of initial conditions, the closer the predic-
ted pressures and force loadings are to measured values.
The normal modeling of the pipe break accident is to represent the
core, the core bypass, the downcomer and two loops, one for the broken loop
and one for the other intact loops lumped together.
(61)
For the vessel break accident, only one lumped loop needs be presen-
ted because the legs have been assumed to be intact in this study.
Figs. 4.2.Fl, 4.2.F2 and 4.2.F3 represent the models developed for
WHAM calculation of subcooled loadings subsequent to the pressure vessel
breack at the top, .bottom and side. The three diagrams are almost the same,
due to the obvious fact that they represent the same primary system. However,
it is noted that the location of leg 1, the artifice employed by WHAM to
represent the breaks, is different in the three cases. Starting with leg 1,
the break. all other legs are numbered sequentially in such a manner that
their order must increase in the (positive) direction away from the break
(the direction that the decompression waves travel).
Some special features of the model include:
a) The four primary coolant loops of the F-TR plant have been
lumped into one loop in the model. This one loop has seven segments represen-
ting the hot legs, the steam generator inlet plena -, the U tubes (2 segments),
and steam generator outlet plena and the cold legs. Between the steam gen-
erator outlet plena and the cold legs are the primary system circulating
pumps which raise the pressure in the cold legs some 80 psi above that in the
steam generator outlet plena when the loops are functioning normally.
b) The pressurizer has been ignored during sulcooled blowdown.
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Table 4.2.Tl
DESCRIPTION OF SYSTEM LEGS MODELED FOR WHAM
Leg Serial Number
DescriptionSide
Break
Break opening
Portion of vessel above upper support plate
Upper plenum above nozzles
Upper plenum below nozzles
Upper 1/4 core
Middle 1/4 core
Middle 1/4 core
Lower 1/4 core
Region between core bottom and flow plate
Region between flow plate and flow inlet casting
Lower plenum
Upper 1/4 of bypass
Middle 1/4 of bypass
Middle 1/4 of bypass
Lower 1/4 of bypass
Lower 1/3 of annulus between barrel and shield
Middle 1/3 of annulus between barrel and shield
Upper 1/3 of annulus between barrel and shield
Lower 1/3 of annulus between shield and vessel
Middle 1/3 of annulus between shield and vessel
Upper 1/3 of annulus between shield and vessel
Annulus above shield but below nozzles
Annulus above nozzles
Cold legs
Pipes between heat exchangers and pump
Outlet plenum of HX
1/2 of U tubes
1/2 of U tubes
Inlet plenum of HX
Hot legs
Top
Break
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
Bottom
Break
1
10
9
8
7
6
5
4
3
2
15
14
13
12
11
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
1
19
18
17
16
15
14
13
12
11
10
23
22
21
20
7
6
5
3
2
4
8
9
24
25
26
27
28
29
30
Notes: Arrows in the diagrams represent the positive direction in the indica-
ted legs.
Pump and pressurizer actions have been neglected in the subcooled
blowdown calculations.
(66)
In effecting the above lumping, it has been inherently assumed
that the four loops behave exactly in the same manner. This is not exactly
true because one loop is connected to the pressurizer while the other three
are not. But the pressurizer surge line is long and small in comparison to
the legs, and the pressure in the pressurizer is practically constant, therefore, the
effect on the wave propagation is small. This conclusion has been arrived
at by modeling the system both with pressurizer and without it in the trial
period of this computation.
c) The downcomer is represented by three annuli. The first
annulus, consisting of two legs, is the portion of the downcomer above the
core region, where water flowsin from the cold legs before making a 90
degree bend downward. The second and third annuli are similar, each consis-
ting of three legs. These two annuli are separated by the thermal shield.
If a vessel side break was not to be studied, they can effectively be lumped
into one because they behave in exactly the same manner as waves traveling
from the core to the cold legs or vice versa. But since the study includes
a break at the side of the vessel, large pressure differentials are expected
across the thermal shield, thus justifying the need to represent this por-
tion of the downcomer by two annuli.
The representation of annuli as a tube for WHAM calculation is a
rather stretched out extension of the validity of WHAM. One can stipulate
that, since WHAM assumes one-dimensional flow and plane wave propagations,
then its validity would break down at the annuli where significant cross flow
may take place. This is particularly true when a break at a cold leg or at
the vessel side happens. Efforts have been made to represent the downcomer by
(67)
a bundle of tubes interconnected in various places to simulate cross flow,
but results have not been as successful as the one-tube downcomer model
insofar as comparison with experimental data is concerned.
d) A core bypass loop has been incorporated into the model to
account for the fact that some 4.5 percent of the flow is not effective in
channel cooling. This core bypass loop is mainly the region between the
core baffle and the barrel, having a cross section of 23.4 ft 2 and a volume
of 290 ft 3 . It is assumed that there are considerable structures in this
region, the coolant flow speed there is very small, of the order of 1.4 ft/sec.
(68)
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5. TWO-PHASE BLCWDOWN COM1PUTATIONAL TECHNIQUE
5.1 Blowdown Comnuter Codes
Even with many simplifying assumptions, the two-phase blowdown
phenomenon is so complicated that it would defy any attempt to predict
it in closed form. When the complex physical configuration is further
considered, then even a hand numerical computation is practically impos-
sible. The use of a large computing machine is therefore a must if the
predicted results are to be compared to experimental values.
One of the earliest computer codes written specifically for the
blowdown of a high pressure light water system is FLASH (1966). It is a
digital program which calculates the flows. inventories, pressures and tem-
peratures in a 3-volume primary system.A priori assumptions are made
concerning the water-steam mixture, heat transfer coefficients. and ECC
injection. Improvements of FLASH have resulted in steadfastly better FLASH-2
(1967), FLASH-3 (1969) and FLASH-4. FLASH-3 (R5) and FLASH-4 (R6) have both
reached a stage of development that can predict reasonably well experimental
blowdown data from the LOFT semiscale tests. FLASH-3 uses the forward
finite difference numerical technique to account for the momentum conservation
in flow junctions, while FLASH-4 employs the backward finite difference
numerical technique, a method that gives better convergence and requires less
computation time. Both codes lump the physical system into volume nodes
(70)
interconnected by flow junctions. The maximum number of nodes and junctions
are 20 and 40, respectively, although one can modify the program to account
for more nodes. Thermodynamic properties are stored in tables to be searched
by the computer. Reactor kinetics are- included by a point kinetic model.
Moody choked flows in tubes and through the leak are also stored in tabular
form. (M9, M10, Mll).
FLASH-3 and FLASH-4 have been widely used in the analyses of loss-of-
coolant accidents for PWR's. The codes require the service of a large CDC computer.
For certain plant configuratio or need, the codes can be altered to respond to
the specific situation. Such has been the case with the creation of the code
CEFLASH-4 (Confidential) by Combustion Engineering and CRAFT by Babcock and
Wilcox Company. (B7).
The Code SATAN-V (System Accident and Transient Analysis of Nuclear
Plants) of Westinghouse (BB) has been similarly developed. It attempts to cover
the accident in all three stages, namely the subcooled decompression, the two-
phase blowdown, and the refill stages.
For boiling water reactors, the blowdown has been analyzed by
a General Electric code temporarily called Short-Term Thermal Hydraulic
Analysis (STTA) by the AEC. This code calculates the vessel pressure, core
flow, and core inlet fluid enthalpy as a function of time using the equation
of mass, energy and momentum conservation. The analysis assumes one-dimensional
non-slip flow using the Martinelli - Nelson t'wo-phase friction pressure drop
multipliers. The reactor primary coolant system is represented by nine nodal
volumes (lower plenum, core, core bypass, upper plenum, separation zone, steam
dome, downcomer, and the recirculation loops). Moody critical flow is also used
at the break.
(71)
The RELAP series of codes is more or less similar to the FLASH
series in system modeling and numerical techniques. They were developed
at the Idaho Nuclear Testing Station in support of the LOFT project. A
special feature of RELAP-3, the 1971 release version of the series, is
the structure of the code in modular form, thus greatly facilitating the
access to it for change. RELAP-3 has been chosen as the analysis instrument
for this study. (R2).
5.2 RELAP3 MOD.36
5.2.1 General Description
The two-phase blowdown code used in this study is RELAP3, Mod. 36,
prepared by the Aerojet Nuclear Corporation and sent to MIT in December, 1971. (A3)
This code has been chosen on the basis of compatibility with our computer
systems and upon the recommendation of the ECCS Task Force as expressed in
the Interim Acceptance Criteria of 1971. (A2).
RELAP3 represents the PWR system as a set of nodal volumes inter-
connected by flow junctions. Mass and energy calculations are made for
each volume in small time increments by accounting for the inflow, outflow,
and production terms. Momentum calculations are made for flow junctions
and are governed by pressure, inertia, f row area and junction friction.
There are many features and options to simulate the volume-junction network
as close to the physical system as realizable. These include provisions for
bubble rise and phase separation in each volume, gravity head, choked flow,
energy addition or removal, pump head and coastid.own as well as emergency
core cooling systems.
(72)
The RELAP3 Mod. 36 is written in FORTRAN IV, double precision.
It consists of some 50 subroutines which can be overlayed to render the com-
putation more efficient. Allowance exists for up to 200 volumes and 250
junctions, but a LOCA modeling very seldom needs more than 40 volumes and
50 junctions. As the number of volumes and junctions increases, the time
increment must be made smaller in order for the various numerical calculations
to converge, the overall computation time consequently increases to cover
the same LOCA period desired. A sample 34-volume LOCA problem needs six
and one half hours of IBM 360/75 to cover a blowdown period of 60 seconds.
5.2.2 Mass, Energy, Momentum and State Determination
Thermodynamic equilibrium assumption requires that the equation of
state is valid in any volume at the end of each time increment. The equation
of state for water has been incorporated into the code by inclusion of
thermodynamic property tables for water and steam. When the enthalpy and
quality of the mixture is known(through mass and energy calculations), a
systematic search and interpolation is made to find out the volume pressure,
temperature and other properties.
The basic mass and energy equations employed are:
N
dMWij
dt j
dU N
dt i N W± j h i + Qi
dt j=
where Mi - total mass in Volume i
W -- flow rate into Volume i through junction j
U = energy in Volume i
h,.= enthalpy of flowing fluid
Q- heat production in (or removal from) Volume i
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The basic momentum equation employed is:
dTWj Pi P~ p dz K W 1Wj
144 c dt f 14 ~++1 +K+
Vi
where - gratational conversion constant
- junction inertia
A
W m average flow from Volume i to Volume i+1
Pj-Pi+l - thermodynamic pressure differential across the fluid
contained in the flow volume
PP = Pump head
dz
144 = Gravitational head across fluid column
K w net friction coefficient including normal friction losses
- fluid density in volume i.
Mass loss due to leak is calculated by the orifice equation. In
the case of great pressure differentials, the limiting flow is calculated
by Moody's two-phase choked flow model.
Energy removal by a heat exchanger is calculated from an input
table or by the flow dependent equation:
QEW HE (Tpri - Tsec)
where QE = heat removal rate by the heat exchanger
W = ratio of flow at the time considered to the nominal flow.
0
HHE = total heat transfer coefficient during steady state full
power operation.
(74)
T ri = temperature of primary coolant in the heat exchanger
Tsee = temperature of secondary coolant in the heat exchanger.
A few moments after blowdown Tpri often drops below Tsec, and the
heat exchanger acts as a heat source to whatever mass of coolant flowing on
the inside of the U tubes.
The core always acts as a heat source, during normal operation or
during blowdown. One dimensional heat conduction in cylindrical rods is
assumed to calculate the heat transfer from inside the fuel rod to the coolant.
The conduction subroutine is patterned after the HEATl Code with accommodation
for 31 radial modes, six different concentric regions and six different
materials. PWR fuel rods can be seen as consisting of three regions, the
uranium pellet, the gas gap and the zircaloy cladding. At steady state oper-
ation, temperature distribution in the rod is such that the difference
in the clad surface temperature and the coolant, together with the proper
heat transfer coefficient in the proper heat transfer regime, are just
right to transfer the energy generated inside the rod by nuclear fission.
During blowdown, reactor power drops, but the heat transfer regime also
changes, thus subjecting the cladding to a temperature transient, the calcul-
ation of which is a principal feature of RELAP3.
(75)
5.2.3 Heat Transfer Correlations
RELAP3 uses a series of heat transfer correlations to cover the
wide spectrum of environmental conditions during blowdown. A tabulation of
these correlations and terminologies is listed in Appendix C. The basic
(x)
parameter for choice of correlations is the quality of coolant in the
channels. Second in line for correlation application are factors such as
fuel pin surface temperature, surface heat flux, and bulk coolant temperature.
The five regimes in which seven modes of heat transfer are used are: ( x being
the quality of the coolant).
a) X ( 0, Subcooled Regime
When TS 4 Tgg subcooled forced convection, Seider-Tate correlation
When Ta -TNB subcooled nucleate boiling, Thom correlation.
b) 0 14 0.1
The heat transfer coefficient is calculated by interpolating
between Thom correlation and Schrock-Grossman correlation.
c) 0.l4 X 4.0.6, Forced convection boiling, Schrock-Grossman
correlation with Wright constant.
d) 0.6 j. X4.1, Forced convection boiling. The heat transfer
coefficient is obtained by interpolation with respect to quality between
Schock-Grossman correlation and Dittus-Boelter correlation.
(76)
e) X = 1 and superheated steam: single phase steam heat
transfer, Dittus-Boelter correlation.
f) Stable Film Boiling when the surface heat flux has exceeded
the critical heat flux, Dougall-Roshenow correlation.
5.2.4 Critical Heat Flux
In order to establish whether or not film boiling takes place, the
critical heat flux is computed in order to compare it with the real heat
flux. The critical heat flux is also obtained from a series of correlations,
each of which is applicable to a certain regime of environmental conditions.
The parameters that are used to define CHF regimes are the coolant pressure
and mass flux. The six CHF regimes are:
a). p4. 725 psi, odified Barnett Correlation.
b) 725. p ,1000 psi, the CHF is calculated by linear interpolation
with respect to pressure between Modified Barnett Correlation and Barnett Cor-
relation.
c) 1000 psi: p e.1500 psi, Barnett Correlation.
d) 1500 psiG p 4.1800 psi, the CHF is calculated by linear interpolation
with respect to pressure between Barnett Correlation and BAW-2 Correlation.
6 2
e) p I.1800 psi, G '7 0.5 x 10 lb/hr ft , BAW-2 Correlation.
f) p? 1800 psi, G - 0.5 x 106 lb/hr ft 2 , Average value between
Barnett and BAW-2 Correlations.
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The inlet enthalpy used in the critical heat flux correlations
is dependent on the flow direction. It is determined by using the enthalpy
of inlet coolant if direction of flow is the same at both ends of the channel.
The average enthalpy of coolant in the channel is used when the flows are
zero or are in opposite directions.
5.2.5 Other Basic-Features of RELAP3
Power generation is determined by either a tabular input of power
versus time or a reactor kinetic calculation. Point reactor kinetic equa-
tions are solved. Datetfor 1 prompt neutron group, 6 delayed groups and 11
gamma groups are stored in the program. Options to the user includes the
input of power distribution between various portions of the core, Doppler,
void and coolant reactivity coefficients.
The two-phase separation model used in RELAP3 is a semi-empirical
fit to a number of experimental, high pressure blowdowns. (C8, M8). It uses
two numbers as inputs. One number, C0 determines the gradient of the bubble population
as a function of the mixture height. The second number, V, determines the
velocity of steam bubble relative to the mixture interface, as the bubble
moves up and breaks at the interface. On the basis of experimental blowdown
tests, a value of 0.8 for the bubble graaient and 3 ft/sec. for the bubble rise
velocity have been recommended (R2, R5).
Emergency core cooling systems can be included as part of the RELAP3
nodal volume-junction system. Passive, on-line systems such as accumulators
are represented by a node which is connected to the cold legs by a valved
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junction which is open at a certain pressure differential across the swing
check valve. Other power driven ECC systems such as the charging lines (CL)
the safety injection lines (SIS) or the residual heat removal lines (RHR)
can be represented by junctions which are activated by preset conditions and
which would follow preset injection curves.
5.2.6 Advantages and Deficiencies of RELAP 3
RELAP3 has the advantage of being developed in support of the LOFT
project; therefore, it has been tested out in a series of semi-scale blowdown
simulations. Its modular structure is easy to get access to, thus facilitating
improvements as more experimental data, better numerical techniques,
and different methods of problem solution are obtained.
O) However, like most blowdown codes currently available, RELAP3 has
the following deficiencies:
a) It is a one-dimensional code, assuming that fluid in a junction
can flow in one direction only at a time. It thus fails to recognize the
effect of cross flow in the PWR open lattice. This cross flow is of negli-
gible importance during the blowdown when the mass flux is large, but would
be meaningful at the quiescent and refil. stages when the pressure differential
across the core is small. The cross flow effect may be both beneficial
and detrimental. It is beneficial to cool the upper portion of partially
or fully blocked channels, a phenomenon already observed and measured in
the FLECHT program. It may be detrimental if it diverts the coolant away
from hot spots where temperature and pressure are higher than in other places.
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The effect of this RELAP3 deficiency in this loss-of-coolant
accident computation is expected to be negligible because only the average
properties of the core (coolant state, heat transfer coefficient, clad and
fuel temperature) are being looked for. By invoking the assumption of
complete mixing, one has in fact assumed 100 percent cross flow at any
elevation in the core volume.
b) RELAP3 does not account for flow blockage due to clad bal-
looning and rupture. Calculations and experiments have indicated that quite
early in the blowdown, when pressure, flow and therefore heat transfer coe-
fficient drop drastically, the cladding in certain hot spots fail under the
influence of steep temperature transient and internal gas pressure. Flow
channel blockage may, therefore, be considerable. RELAP3, however, assumes
a constant channel flow area. Although the FLECHT program has indicated
increased heat transfer due to cross flow and due to better heat transfer
regime, these phenomena are neglected in RELAP3.
c) The forward difference numerical technique employed in the
solution of balance equations requires very small time steps to be taken.
This often results in excessive computation time, even at the fastest
currently available computer. Furthermore, flow through the core fluc-
tuates unrealistically in the late stages of the blowdown. Current effort
by the Aerojet Nuclear Corporation is to adapt the backward finite difference
technique from FLASH4 to smooth out the flow and to reduce computation time
(R6).
(80)
d) The assumption of complete and instantaneous mixing of the fluid
and thermodynamic equilibrium in any control volume has been successfully
verified by experiments except in two situations. The first situation occurs
in the relatively large volume where conditions exist for steam bubbles
to separate from the two-phase mixture. This situation has been quite suc-
cessfully accounted for by the incorporation into the code of a phase separ-
ation model with bubble population gradient and bubble rise velocity as
inputs. The second situation occurs when the cold ECC water is injected
into the cold legs. Due to the assumptions of complete mixing and thermo-
dynamic equilibrium in the cold legs, RELAP3 features the injected water as
slowly filling up the cold legs, receiving higher-enthalpy coolant from
either end and mixing it to raise the overall mixture enthalpy. ECC water
does not start to flow into the next volume until the cold legs have been
filled. The situation starts over again at the next volume and so on.
In reality, it is known that the circulating, high quality fluid
in the loop can entrain ECC water to the next volume right from the start of
ECC injection. Conditions may also exist to allow a certain annular flow
in which the high quality fluid would flow in the middle while the cold ECC
water would flow at the periphery adjacent to the pipe wall. In some ECC
systems, a nozzle making an angle with the cold leg in the direction of the
pressure vessel is included, thus enabling some credit to be taken for
the initial velocity of the injected water (C5).
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This RELAP3 deficiency is conservative in that it gives rise to
water chugging, steam binding and the slower the flow of ECC water
towards the core.
e) Another disadvantage of RELAP3 is the need to represent the
system by many nodes. The representation of the core by 3 nodes and the heat
exchanger by 7 nodes have been recommended for the analysis of loss-of-coolant
accidents by pipe break. (A2).
5.3 Model for Loss-of-Coolant Accident by Pressure Vessel Rupture
Fig 5.3.Fl shows the diagram of the model for the analysis of
the loss-of-coolant accident by pressure vessel failure. Table 5.3.T1
shows details of the nodes and junctions.
This model designed for RELAP3 analysis of the two-phase blowdown
portion of the accident is consistent with Figs. 4.2.FI, 4.2.F2 and 4.2.F3,
which are designed for the WHAM analysis of the subcooled portion of the
accident. Basic physical data and setups are the same although they may
appear in different forms to adapt to the requirements of a specific code.
5.3.1 Nodes
Seventeen nodes altogether have been chosen to represent the
4-loop large PWR primary system under investigation. These nodes include 1
for the vessel upper plenum, 1 for the lower plenum, 3 for the core, 1 for
the core bypass, 3 for the downcomer (thus altogether 9 for the vessel),
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Table 5.3.Tl
DESCRIPTION OF MODEL NODES AND JUNCTIONS
Node
vi
V2
V3
V4
V5
V6
V7
V8
V9
VIO
Jil
V12
V13
V14
V15
V16
V17
vo
Description-
Upper plenum
Hot Legs
Pressurizer
EX Inlet PlenuM
HZ U Tubes
HZ Outlet Plenum
Line Between HX and Pump
Cold Legs
Upper Downcomer Annulus
Annulus Between Shield & Vessel
Annulus Between Barrel & Shield
Lower Plenum
Lower Core
Central Core
Upper Core
Core Bypass
Accumulators
Containment
Junction
JIl
J2
J3
J5
J6
J7
J8
J9
J10
J1
J12
J13
J14
J15
J16
J17
J18
J19
J20
J21 - J24
Connects
Vol. 1 to Vol. 2
Vol. 3 to Vol. 2
Vol. 2 to Vol. 4
Vol. 4 to Vol. 5
Vol. 5 to Vol. 6
Vol. 6 to Vol. 7
Vol. 7 to Vol. 8
Vol. 8 to Vol. 9
Vol. 9 to Vol. 11
Vol. 9 to Vol. 10
Vol. 11 to Vol. 12
Vol. 10 to Vol. 12
Vol. 12 to Vol. 16
Vol. 12 to Vol. 13
Vol. 13 to Vol. 14
Vol. 14 to Vol. 15
Vol. 15 to Vol. 1
Vol. 16 to Vol. 1
Vol. 17 to Vol. 8
Break, Vessel to Containment
One-Way ECC Pumped Lines
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1 for the pressurizer, 1 for the hot legs, 1 for the cold legs, 3 for the
heat exchangers, and 1 for the pipings between the heat exchangers and the
coolant pumps. To the fullest practicable extent, the physical dimensions
and properties of these volumes have been extracted from the final design
data as presented in the Indian Point 2 Final Safety Analysis Report and
recapitulated in Appendix A. Thermodynamic conditions of coolants in these
volumes are those when the plant is in steady state, full power operation.
The core has been represented by three nodes of equal volume, height
and flow passage. The characteristics of core power distribution, heat exchange
surface area, and reactor kinetic are explained in Section 5.3.6. The region
between the core baffle and the core barrel constitutes the core bypass
because coolant flowing through it does not directly touch the fuel rods.
The representation of the downcomer as three nodes is important to study
the side break situation. Furthermore, due to different flow area between
the barrel and the shield on the one hand, and between the shield and the
vessel on the other hand, flow choking under large break conditions is not
the same for these two nodes.
Four hot legs have been lumped into one node. This is feasible
because of the assumption that only the'vessel breaks while the loops remain
intact. The connection of the pressurizer into this lumped node is not
really correct, but it is expected that the error introduced into the overall
mass flow as passing by the vessel to the break is negligible.
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Four cold legs are likewise lumped into one node. This lumping
is more rigorous than in the case of the hot legs because every cold leg
should behave in a similar manner as the others, since each has the same
characteristics and the same connection with a passive accumulator.
The representation of the containment as a dummy node with index
0 and with a preset pressure needs clarification. Frequently, a pipe break
loss-of-coolant accident modeling counts the containment as one node con-
nected to the broken volume by a junction with valves, which would be acti-
vated by a computer trip signal. This is considered rather inadequate because
the containment is a complex, large structure, the attainment of thermodynamic
equilibrium, mixing and adiabatic conditions in which is not possible for
the short duration of the blowdown. A feature of this extra containment node
is some back flow later in the blowdown when the pressure and temperature in
the primary system is quenched more quickly by the ECC water. It is not
clear how this backflow would help in the core cooling. By using a dummy
containment node with a preset pressure, one avoids addressing this mixing
and equilibrium question in the containment. The maximum pressure buildup
in the adiabatic containment of the Indian Point 2 design has been calculated
to be about 75 psia. It is possible that the pressure in the reactor
vessel cavity may be higher at the earlier stages of the blowdown, but this
would not influence the blowdown in 'any manner because the critical flow
through the break is independent of the back pressure. At later stages,
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the blowdown simply stops when the pressure in the primary coolant has reached
or dropped below 75 psia. No backflow is thus credited for. To be more
conservative, a lower containment pressure may be prescribed in order to
make sure that the ECC water in the refill stage is not assumed to completely
stay in the primary loops. However, this prescription would be unconservative
when steam binding effects are in question (A2).
5.4.2 Junctions
Twenty four junctions have been used to connect the volumes to-
gether in a closed loop, or to act as one-way lines for the ECC water injected
by pumps. Flow cross sections of a junction are the smallest cross section
that exists at the end nodes. Length and friction coefficient of a junction
is the combined lengths and frictions of the two end nodes, the combination
being done in such a manner that at steady state (time 0) the computed flow
faithfully reflects the expected real flow in the system.
Junction 19 connecting the passive accxmulators (node 17) to the
cold legs (node 8) has a swing check valve which is normally closed but
which would automatically open when the pressure in the cold legs drop to
a certain value.
Junction 20 represents the break, thus connecting the vessel to
the containment which has a dummy index of 0. Depending whether the break
under investigation is at the top, side or bottom, the upstream node of the
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break is 1, 10 or 12, respectively. The elevation of the break is not of
real importance to the blowdown, although it may have some significance at
later stages when phases start to separate and settled, or when the pressure
has been significantly reduced for the ECC water gravity head to come into
play. For this study, the elevation of the top break has been assumed at the
top head flange. The bottom break has been assumed to take place at the
weld zone between the lower head and the cylindrical section. The side break
has been assumed to take place at the middle core elevation.
The ECC systems consist of the three subsystems. The first sub-
system is the on-line, passive, check-valve actuated accumulators. This has
been represented by node 17 and junction 19. Injection of ECC water is
tthrough the cold legs, node 8, although a sensitivity study will be made to
see how an injection into the hot legs or even the upper plenum would help
in the case of a bottom or side break. The second ECC subsystem is the
high pressure core injection system (HPCIS). This is represented in the model
as three one-way junctions. Junction 21 is the small high-pressure charging
lines, connecting to the hot legs (node 2) and normally operating at reactor
pressure. The high pressure safety injection lines can bring ECC water to
either the cold legs or the hot legs. They are thus represented by two
junctions, 22 and 23. Finally, the third ECC subsystem is the residual heat
removal lines (RHR). They are represented by junction 24.
(88)
Flows in junctions 21, 22, 23, 24 are determined by preset curves
which have pressure differentials between the injection lines (pump driven)
and the receiving nodes as parameters. The junctions start to inject water
when the diesel-driven pumps are up to speed, normally 25 to 30 seconds
after start of LOCA.
5.3.3 Coolant Pump_ Model
The response of the coolant recirculation pumps to the LOCA is
complex as it depends on time, flow, pump inertia and pump friction. Upon
LOCA and loss of on-site power, the pumps would be left in a free-wheeling
situation. If the break occurs at the bottom or side of the vessel, coolant
would rush towards the vessel in the normal direction, thus accelerating
the pump speed. If the break occurs at the top of the vessel, the pump
would be accelerated or decelerated depending on which flow path (normal
or reverse) presents the least resistance to the depressurization.
Representation of the coolant pump is done through a set of input
data. A conservative cavitation constant of 0.001 has been used. The
pump coastdown curve is taken from plant design data. The pump head versus
flow is presented in Appendix A.
5.3.4 Phase Separation
Homogeneous mixing of steam and water is assumed for all volumes
except the pressurizer, the accumulators and the vessel plena. The pre-
ssurizer is prescribed with a preset temperature, pressure and liquid level.
The accumulators are prescribed with a liquid temperature, liquid level,
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and gas pressure. The upper and lower plenums of the pressure vessel are
considered large enough for phase separation to take place, hence a separa-
tion model with C0 = 0.8, V = 3 ft/sec has been used. (C8, M8, R2, R5). These
values have been shown to reflect experiments well in section 5.2.5.
5.3.5 Reactor Kinetics
Seven neutron groups (one prompt, six delayed) and eleven delayed
gamma groups have been used to account for the core kinetics following start
of LOCA. Negative reactivity contributions include void formation, fuel
Doppler coefficients and coolant temperature coefficient. Void formation
is almost solely responsible for the fast shutdown of the chain reaction.
To the fullest possible extent, kinetic input data are those
designed for the typical PWR plant under investigation. Other data have been
estimated. For example, the division of the core into three equal volumes
necessitates the determination of the power fractions that are generated in
those volumes. By numerical integration of a measured power distribution
late in life of Yankee, and by consulting with typical PWR pipe break
analyses, fractions of 0.31, 0.46 and 0.23 have been assigned for the bottom,
central, and top section of the core, respectively. The Doppler effectiveness
for those sections, 0.26739 0.59014 and 0.14247, are similarly obtained from
pipe break analysis done at Idaho Nuclear Testing Station. The negative void
coefficients are -0.0049. -0.0328, 0.0079 $/%void for the bottom, central and
top section respectively. These values fall within the range of data put
forth by Elbaum in his investigation of void effect on reactor transients. (E2).
Since void formation is almost solely responsible for the shutdown of the
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reactor, a sensitivity study has been made to evaluate its effects on other blow-
down parameters. At present, a variable void coefficient as a function of void
fraction cannot be inputted into RELAP3.
5.3.6 Time Step Selection
The selection of time step is very important for RELAP3. A large
time step usually results in numerical instabilities which frequently cause
failure of the run. A time step too small would be uneconomical on computer
time. A time step size smaller than the time for an acoustic wave to travel
the shortest pipe in the system is usually suggested. Rettig et al propose
the following (R2):
At = (21t/ nC) V( L/A)
where
C - velocity of sound, ft/sec
L - path length, ft.
n = a constant between 5 and 10
A - path area, ft2
3
V = volume of fluid, ft.
When the blowdown is rapid, such as in this study, the time step
should also be smaller than the ratio of mass in a volume (ibs) over the rate
of change of that mass (lb/sec), and'the ratio of total enthalpy of the
volume (Btu) over the rate of enthalpy change by mass loss (Btu/sec).
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When the coolant is subcooled, the speed of sound is higher,
requiring the use of smaller time steps. As steam forms in the coolant,
the speed of sound decreases, allowing the use of larger time steps.
A good time step has been selected when a run with a smaller time step
does not produce any significant changes in the results.
For the model under study, at computed by the above formula
is 0.9 msec. for the subcooled conditions. The following 5 sets of
time steps in 6 blowdown intervals have been selected.
Set Time Step End of Intervals
(sec) (sec)
1 0.0002 0.2
2 0.0004 0.5
3 0.0005 2.0
4 0.001 10.0
5 0.0025 40.0
For break sizes of the order of 3 and 4 pipe sizes, set
numbers 2 and 3 are also reduced to 0.0002 sec. step sizes to avoid
noticeable fluctuations.
(92)
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6. TOP BREAK: RESULTS AND DISCUSSIONS
The top break is located in the upper plenum in the area of the
top flange. The actual location of the break is not important in the overall
results so long as it remains in the upper plenum and is not at a hot leg noz-
zle. A break at the hot leg nozzle could be analyzed in the same manner but
needs a modification of the system model and, therefore, has not been inclu-
ded in this study.
The unit break size is 4.587 ft2, the cross-sectional area of the
hot leg. Break sizes in the multiples of 1, 2, 3, and 4 that area have been
studied. The rupture is assumed to open up linearly from zero to the speci-
fied break size over a break time tb. The break time can be anywhere from
a very small time duration to a fraction of a second, with the higher limit
being probably more realistic. An objective of the study is to find out how
sensitive the break time is to the results. For the subcooled depressurization,
three break times of 0.00025 (instantaneous), 0.01, and 0.1 sec. are studied.
For the two-phase blowdown. two break times of 0.01 and 0.1 sec. are studied.
6.1 SubcooledLoadings On Vessel Internals
Upon break initiation in the upper- plenum, sudden loss of fluid
results in decompression waves which travel from the break to other parts of
the primary system. As the waves encounter changes on their travel path,
they are partially reflected. Reflected decompression waves are in reality
the compression waves that travel from other parts of the system towards
the break. WHAM uses the principle of wave superposition to combine these
two trains of waves to arrive at the pressure and fluid velocity at any
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point in the system. The formulation of the technique has been presented
in Chapter 4. The model diagram for the top break accident has been shown
in Fig. 4.2.Fl. Table 6.1.Tl provides a legend for Fig. 4.2.F1 in order to
serve as a basis for the understanding of the results presented in this
section.
6.1.1 Transient Pressure Differentials
Fig. 6.1.Fl shows the history of the pressure differential across
the core. Fig. 6.1.F2 shows the pressure differential across the core bar-
rel. The break time for these cases is 0.25 msec. which can be termed as
"instantaneous" because it takes twice that duration for the disturbance to
travel through the break. The location of the break has been placed at the
level of the vessel flange at which the closure head is bolted to the vessel
cylindrical section.
Fig. 6.1.Fl indicates that the pressure differential across the
core is oscillatory with magnitudes significantly damped after the first
pulse. Loading period is of the order of 20 msec. The corresponding loading
frequency is 50 cps.
At normal operation, the pressure differential across the core is
31.5 psi in the upward direction. This value remains the same for about 3
asec. after the break because the disturbance waves take that much time to
travel from the break to the upper core plate. When the decompression waves
have reached the upper core plate, then the pressure differential starts
to increase. A maximum value is reached just before reflected waves have
returned to the top and transmitted waves have arrived at the bottom of the core.
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Table 6.1.Tl
TOP BREAK
CHARACTERISTICS OF NETWORK MODELED FOR WHAM
Initial Pressure
(psi)
Leg
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
Initial Velocity (1)
(ft/sec.)
0
0
0
-6.9
-15.5
-15.5
-15.5
-15.5
-6.5
-6.5
-6.0
-1.4
-1.4
-1.4
-1.4
-29
-29
-29
-29
-29
-29
-29
0
-47.54
-37.8
-7.5
-15
-17.51
-9
-50.47
Area
(f t2)
4.587 x (1,2,3,4)
1.0
134.24
134.24
47.9
47..9
47.9
47.9
119.5
119.5
129.4
23.44
23.44
23.44
23.44
10.18
10.18
10.18
16.54
16.54
16.54
36.4
36.4
16.48
20.81
105.8
54.56
54.56
105.8
18.35
Length
(ft)
1.5
4.37
6.32
4.67
3.292
3.292
3.292
3.292
1.34
3.25
5.33
3.292
3.292
3.292
3.292
6.67
6.58
6.58
6.67
6.58
6.58
4.67
4.67
21.16
11.5
6.22
26.16
26.16
6.22
17.22
No. of (2)
Subnodes
2
6
8
6
4
4
4
4
2
4
4
4
4
4
4
8
7
8
8
7
8
5
5
24
13
6
26
27
6
23
(1) Sign of water velocity
subnodes in each leg.
is relative to the positive direction of increasing
(2) Number of subnodes is the integer closest of L/cat
2236.5
2236.5
2236.5
2236.5
2238.5
2246.6
2254.6
2262.5
2265.8
2269.2
2272.5
2238.6
2246.6
2254.6
2262.5
2276
2279.5
2283.0
2276
2279.5
2283
2286.5
2286.5
2288
2203
2203
2210.5
2225.5
2233
2235
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The pressure differentials across the core barrel as shown in
Fig. 6.1.F2 are both higher in pulse magnitude and broader in pulse time
than the corresponding ones across the core. This is easily understood due
to two reasons: a) the initial subcooled pressure at the cold leg nozzles
is higher than the initial subcooled pressure just below the core: and b)
The wave travel path from the upper plenum to the cold leg nozzles is consid-
erably larger than the core height. Thus. the oscillation period of the pres-
sure loadings across the upper portion of the core barrel is approximately
33 msec., corresponding to a frequency of 31 cps. This is about the same as
the frequency of the pressure loadings on the same core barrel location caused
by a break at the vessel side as described in Section 8.1,1.
The pressure loadings on the thermal shield is essentially nil
because disturbance waves traveling upwards from the lower plenum should be
the same on both sides of the thermal shield.
6.1.2 Sensitivity of the Pressure Differentials on Break Time and Break Size
Figs. 6.1.F3 and 6.1.F4 show plots of the maximum pressure differen-
tials across the core and the upper core barrel, respectively. The changing
parameters are the break size and break time.
It is noted that, as the break size increases, the magnitude of
the largest pressure pulse also increases, but not linearly. There is a
tendency for the loadings to level out as the break size increases. For very
large break sizes, the pressure differential should approach 780 psi, which
is the difference between the initial subcooled pressure at the cold leg
nozzles (2280 psi) and the saturation pressure corresponding to the 613*F
in the upper plenum (1500 psi).
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The effect of break time on core loadings is more pronounced than
the effect on barrel loadings. The reason is again the long travel path
from one side of the barrel to the other side, allowing the outside to be
still at the initial pressure while the inside has been decompressed to a low
value even for larger break times.
The circle in Fig. 6,1.F4 represents the value of the largest pre-
ssure loading on the upper core barrel as presented by the manufacturer for
the double-ended hot leg break (Cl). It is 360 psi as compared to 450 psi
for the case of upper plenum break considered in this study.
6.1.3 Force Loadings
The force loadings on vessel internals consist of hydrostatic force
(due to pressure differentials), friction force, inertial force. gravity, and
force due to change in momentum flux. The magnitude and direction of the net
force is the vector sum of these components, and therefore, is quite compli-
cated to account for. In reality. however, the friction force, momentum
flux change, and gravity are very negligible when compared to the hydrostatic
and inertial forces. In this work, only the hydrostatic and inertial forces
are considered.
Table 6.1.T2 lists some values of force loadings across the core.
No similar listing is made for the core barrel because in this case the
forces are both time and space dependent. Furthermore. at any given eleva-
tion of the core barrel, the force simply has two perpendicular components:
namely the inward or outward hydrostatic force and the inertial force which
is parallel to the surface on both sides of the barrel.
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Across the core, the net force is the vector sum of the hydrostatic
force which directs upward (during the first pulse) and the inertial force
which is opposite to the hydrostatic force. Because in the formulation of
WBAM, there is a one-to-one relationship between the fluid pressure, velocity
and inertial force, the time behavior of the force loading should be similar
to that of the pressure differential. Only two values of the loadings (at the
6 asec. peak and at 10 msec. low) are presented in Table 6.1.T2.
In order to understand the effect of the loadings on the core, it
is necessary to look into the composition of the core. There are 193 fuel
assemblies in the core. Each assembly has 225 rod positions, 204 of which
are occupied by the fuel rods, 20 by the control rod cluster guide thimbles
and 1 by the instrumentation thimble. There are nine grid assemblies along
the length of the fuel assemblies with clip springs to hold the fuel rods
in place. At either ends of each fuel assembly are the box-like plena for
coolant inflow and outflow. The weight of the entire assemblies and the
loads resulting from control rod insertion are transmitted by the lower ends
of the assemblies to the bottom core plate. Leaf springs are mounted between
the top ends of the assemblies and the upper core plate to provide hold down
loading for the core.
Under oscillatory loadings caused by a vessel break, the assemblies
may move upward, touch the upper core plate, then fall down on the bottom core
plate, causing oscillation in all vessel components. The manufacturer (Cl)
has estimated that a maximum longitudinal force of 5700 pounds per assembly
would result upon a LOCA by hot leg break. Table 6.1.T3 lists the corresponding
values for the cases of vessel top break with break size ranging from one to
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Table 6.1.T2
TOP BREAK
SOME VALUES OF FORCE LOADINGS ACROSS THE CORE*
Cases Inertial Force
(106 lbs.)
Hydrostatic Force
(106 lbs.)
Total
(106 lbs.)
At 6 =see. peak
Break size A 1
A 2
A 3
A -4
1.330
2.368
3.354
4.003
-3.041
-5.253
-7.188
-8.571
-1.711
-2.886
-3.834
-4.568
At 11 msec. low
Break Size A I
A -2
A 3
A 4
0.352
0.486
0.542
0.452
-0.829
-0.829
-0.829
-0.829
-0.477
-0.343
-0.288
-0.375
* Forces due to momentum flux change, friction and gravity -are negli-
gible. Cross section of the core is taken as the area inside the
baffle, or 96 ft2 . Positive direction of the force is downwards
(arrow in Fig. 4.2.FI).
Table 6.1.T3
TOP BREAK
LARGEST SUBCOOLED FORCE LOADING PER FUEL ASSEMBLY
Peak Loading
(lbs)
8,700A 1
A- 2
A- 3
A = 4
LOCA by Hot
Pipe Break*
14,700
19,600
23,400
6,700
* From Reference C1, Section 14.3.2.2.6
Break Size
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Table 6.1.T4
SOME VESSEL INTERNAL MECHANICAL CHARACTERISTICS (Cl)
Item
LOCA by Hot Leg Break
LOCA
Stress Deflection
(psi) (in.)
Design
Stress Deflection
(psi) (in.)
Upper Support Structure 12,000 0.12 n.a. 1
Lower Support Structure 15,000 n.a. n.a. n.a.
Upper Core Barrel 13,500 u.a. (1) 3
RCC System Cluster 6,000 n.a. n.a. 1
Bending
Thimble Compression 16,800 n.a. n.a. 0.035
LOCA by Cold Leg Break
Upper Support Structure n.a. n.a. n.a. n.a.
Lower Support Structure 11,000 n.a. n.a. n.a.
Upper Core Barrel 20,300 n.a. (1) n.a.
RCC Guide System n.a. n.a. n.a. n.a.
(1) Short-cylinder characteristics of the upper core barrel have been determined
as (Ref. Cl, Section 14.3.2.15) Buckling Pressure: Between 850 psi and 2400
psi. Extensional Natural Frequency: Larger than 1180 cps. Bending Natural
Frequency: Between 60 cps and 100 cps.
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four times the hot leg flow area. It is seen that the vessel top breaks gen-
erally cause maximum loadings two or three times larger than the value caused
by LOCA by hot pipe break.
Table 6.1.T4 lists a few calculational effects presented by the
manufacturer (Cl) when the vessel internals are under excitation by subcooled
loadings by pipe break. The determination of the corresponding results for
the vessel break cases does not fall into the scope of the present study.
6.2 Two-Phase Blowdown
The two-phase blowdown following a break in the upper plenum of
the vessel has been studied with RELAP3, Mod 36. The principal processes
followed with respect to time after the break are: normalized power history,
flow rates, fuel temperature redistribution, coolant quality heat transfer
coefficient, total mass loss, coolant remaining in the lower plenum, ECC
water injection, and clad surface temperature in the middle region of the
core. All quantities are average values for the system or the portion of the
system considered, and are stepwise calculated over very small time intervals
such as already indicated in Section 5.3.6.
As mentioned previously in this chapter, the location of the break
can be postulated anywhere in the upper plenum except at the hot leg nozzles.
Breaks at the hot leg nozzles can be analyzed in the same way, but modifica-
tion of the model (Fig. 5.3.F1) must be made to account for the intact loops
and the broken loops.
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Four break sizes have been studied with areas being 4.587 ft2
2 2 2
9.174 ft , 13.761 ft and 18.348 ft respectively. These areas are 1, 2, 3
and 4 times the flow area of the hot leg.
A break time of 0.01 second has been used for the majority of the
cases but some studies have also been made with a break time of 0.1 second.
The sensitivity of different parameters with respect to break time are pres-
ented in Chapter 9, and the general conclusion drawn is that the break time
is relatively insensitive to the principal parameters under investigation.
6.2.1 Normalized Power
Fig. 6.2.Fl shows the normalized power history of the core for break
sizes 1, 2, 3 and 4 (terminology has already been defined). The parameters
that have bearing on the normalized power curves are delayed fissions, void
negative reactivity, and to a lesser extent, Doppler coefficient. Mechanical
rod action has been neglected to the extent that it is not assumed to take
place until 30 seconds later when the reactor has been well shutdown.
Observation of the normalized power curves indicate that void forma-
tion alone is enough to scram the reactor in less than 1 second, much less for
larger sized breaks.
For the case of one-pine-size rupture. the power drops slower than
for the case of a double-ended hot leg break reported for the same 2758 Mwt
reactor. The two plateaus around 1 and 1.5 seconds correspond to flashing
sequences in the upper and lower plena during which the pressures and rod
remain practically constant. As break sizes increase, void formation is
faster while the effect of flashing is less obvious due to predominance of
flow induced by large pressure differentials.
C
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All normalized power curves become asymptotic at and beyond EOB.
This is the period when the core is only filled with saturated steam. The
normalized power curve in this period is the decay heat curve of the fission
products.
6.2.2 Flow Rates
Figs. 6.2.F2 and 6.2.F3 show the flow rates at the break (Curve J20),
in the hot legs (Curve JI) and at the core midplane (Curve J15) as a function
of time.
Marks on the curves indicate the time after which the flow is no
longer choked. Choking flow is the feature that becomes more and more pro-
minent as the break increases in size. Flow at the break (Curve J20) is
characterized in the beginning with metastable orifice flow, but quickly turns
into choking, two-phase flow as the pressure in the upper plenum has dropped
enough for the coolant in the vicinity of the break to flash. The flow in
the hot legs reverses very fast and the reversed flow is also featured by
choking when the break is larger than twice the hot leg flow area. Flow
rate through the core starts out at the steady state value of 36,160 lbs/sec.,
increases to approximately twice, three times, and four times that value
for break sizes of 1, 2 and 3 hot leg flow area. The flow through the core
never experiences flow reversal such as the case for bottom and side breaks,
but does go through some fluctuation at low break sizes which may be due to
flashing sequences at different parts of the vessel. As the combined flow
area of the channels is 47.9 ft2, more than twice the largest break considered,
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Fig. 6.2.F3
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the flow through the core is not choked even though the pressure differential
across the core may be many hundred psi for large breaks. It is not clear
whether this computer result reflects the physical reality or not. By as-
sumption, RELAP3 has treated all the flow channels as one flow path with
the area as the combined flow area and with a friction factor to reflect
the steady state pressure drop. This friction factor is maintained
throughout the blowdown. A better model may be obtained if the flow channel
is dealt with individually and the total flow rate multiplied by the number
of flow channels to satisfy the conservation equations.
The sum of curves Jl and J15 in Figs. 6.2.F2 and 6.2.F3 does not
add up to curve J20 because the break flow also includes input from the core
bypass and depletion of the upper plenum.
For the case of top break with the size of one hot leg flow area,
the flow pattern shows some fluctuation as manifested in Fig. 6.2.F2.
These fluctuations seem to be caused by the influence of flashing in dif-
ferent parts of the primary system. This influence does not show prominently
at larger break sizes because it cannot compete with the fast depressurization
of these cases.
Table 6.2.Tl lists the values 'of time for start of emergency core
cooling injection (SECCI) and end-of-blowdown (EOB). When the cold leg pres-
sure has dropped to 660 psi, cold borated water from the accumulators starts
to inject into the cold legs. The start of injection is at 4.68 second,
1.54 second, 1.34 second, and 1.30 second for break sizes of 1, 2, 3 and 4
times the hot leg flow area, respectively. Thus. the indication is that the
pressure in the cold leg does not drop in the same linear pattern as the
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Table 6.2.Tl
TOP BREAK
START OF EMERGENCY CORE COOLING INJECTION (SECCI)
AND END OF BLOWDOWN (EOB)
Break Size (1) SECCI
4.68
1.54
1.34
1.30
1.58
Time (Sec.)
EOB(2)
Break time = 0.1 sec.
A 1
A -2
A 3
A- 4
12.8
6.4 - 8.6
4.58 - 8.3
3.96 - 8.2
Break time = 0.1 Sec.
A - 2 6.4 - 8.6
(1) Break size A, is in multiple of hot leg flow area,
which is 4.587 ft2.
(2) Where a range of EOB is given, the first number is
the time when break flow first pauses but then
again resumes significantly, and the last number
is the time when no significant flow exists.
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increase in break size, and there is a trend for SECCI to reach an asymptotic
value around 1.30 second. The injection flow rate has the same pattern for
either top, bottom or side breaks, and the pattern can be seen in Fig. 8.2.F7
The flow rate is zero at SECCI, builds up to a maximum value of approximately
2800 lbs/sec. in about 2 seconds and then slowly drops to about 2000 lbs/sec.
at 25 seconds.
End-of-blowdown has been defined (A3) as the time at which flow
out of the break first becomes zero. This definition is only clear cut for
smaller sized breaks such as when the break is one hot leg flow area. For
larger breaks, there is considerable flow fluctuation at the break when EOB
is drawing close, therefore, the flow out of the break may be temporarily
zero at an instant but may again resume at a significant rate for some time.
The range for EOB is therefore listed in Table 6.2.Tl. The first number
of the range is the time when the break flow first becomes zero. The second
number is the time when significant flow no longer exists. If EOB is liber-
ally interpreted as the time when flow out of the break has dropped to an
insignificant value, then EOB is around 7 to 8 seconds for the break sizes
under investigation. For even larger break sizes, EOB should still be within
that range because of the choking characteristics of the flow in various
parts of the primary system.
Table 6.2.T2 lists values for SECCI and EOB for loss-of-coolant
accident by guillotine pipe break as reported for some PWR plants (B6, A5,
C9). It is seen that SECCI and EOB take place much later than for vessel
break cases.
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Table 6.2.T2
SECCI AND EOB FOR GUILLOTINE
PIPE BREAK LOCA IN SOME PWR'S (B6, A5, C9)
Plant
Oconee-Type, 841 MWe
Cook-Type, 1060 MWe
Ft. Calhoun-Type, 530 MWe
SECCI
13
16
13
EOB
21.5
26
16
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4.2.3 Mass Loss History
Pig. 6.2.F4 shows the mass loss history for the four break sizes
der investigation.
The total coolant inventory in the primary system is approximately
470,000 lbs. at the onset of the accident. The mass loss curves as presented
In Fig. 6.2.F4 can exceed this value beyond EOB because there is an additional
130,000 lbs. of ECC water which may also flow out the break as time goes on.
But for times smaller than EOB, the mass loss curves would build up and
level out at 470,000 lbs.
The evidence of flow choking and limiting end-of-blowdown can be
seen in this figure. At small breaks, the mass loss history is almost linear
over the first 6 or 7 seconds because over this time period the flow out
of the break is choking and approximately constant. When the break increases
in size, the mass loss curve becomes bent, being very steep at the beginning
and leveling out as time goes on. The curves for break sizes of 2, 3 and 4
pipe flow areas are very close together, suggesting an asymptotic pattern.
This asymptotic configuration would allow the same insignificant amount of
coolant remaining in the primary system at EOB which has been noted in the
previous section as being between 7 and 8 seconds.
6.2.4 Pressures in the Upver and Lower Plena
Figs. 6.2.F5 and 6.2.F6 show the pressure histories in the upper
and lower plena for the 4 top break sizes considered. The DE curve in these
figures is the history of "System" pressure for the LOCA by pipe break reported
by the manufacturer for the same PWR plant under consideration. (Cl).
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Fig. 6.2.F5
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Fig. 6.2.F6
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It is seen that the depressurization is much faster for vessel
break than for the pipe break even though the latter has a break size two
times larger (double-ended break) than the former. But as the vessel break
Increases in size, the pressure history curves tend to approach an asymptotic
configuration. This asymptotic configuration is particularly evident for
portions of the system further away from the break, such as in the case of
the lower plenum.
The pressure histories for the case of one-pipe-size break show
the influence of flashing in the upper plenum, core, and the lower plenum
respectively at about 1450, 1200 and 1050 psi. For larger break sizes,
the leveling out of the pressure at approximately 0.5 second is more due
to the predominance of the two-phase flow over the subcooled flow.
The difference of the lower and upper plenum pressure as calcul-
ated by RELAP 3 may be 600 - 700 psi for times smaller than 0.5 second. This
value approaches the differentials computed by WHAM for the subcooled depres-
surization.
6.2.5 Coolant Remaining In Lower Plenum
For all break sizes under investigation, the minimum mass remaining
in the lower plenum is practically the same, around 8500 lbs. or 16% of the
initial mass in the volume.
The lower plenum has been specified as a place where phase separa-
tion can take place. The bubble gradient parameters is 0.8. The bubble rise
velocity is 3 misec. These values are experimentally derived by Curet and
Others (CS). and have been recoamended as indicative of the flowdown for a
large volume.
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The loss of mass in the lower plenum, mostly by flow through the
core to the upper plenum, is almost exponential for the duration of the
blowdown. This is manifested as straight lines in the semi-log plot of
coolant mass versus time shown in Fig. 6.2.F7. During this time, the reple-
nishment (from downcomer annuli) rate and loss rate (to upper plenum, through
core) are governed mainly by pressure differentials. As the pressures approach
75 psia, the prescribed pressure of the containment, the leak tapers off. The
8500 lbs. remaining in the lower plenum corresponds to the amount of saturated
3
water and steam in a volume of 1100 ft , at 75 psia, 320*F.
The flattening of the curves around 8500 lbs. is part of the rela-
tively quiescent period when only steam rises from the fluid to flow through
the core. ECC water from the accumulators continues to be injected into
the cold legs, but remains there until the legs are filled with water before
flowing towards the lower plenum. When this takes place. the mass in the
lower plenum rises, but at a somewhat unsteady rate. The ECC water continues
to be injected well beyond 25 seconds due to the relatively conservative model
of a rather small injection rate.
6.2.6 Heat Transfer Coefficient. Critical Heat Flux Ratio, Flow Quality
and Average Clad Surface Temperature
Upon upper plenum rupture, the onset of void formation immediately
introduces negative reactivity which-by itself is capable of shutting down the
reactor. Centerline and average fuel temperatures, therefore, never increase
because core power never increases beyond its steady state value. Circumstances
exist by which the power increases slightly before dropping (positive void
coefficient before negative coefficients override it), but these do not con-
stitute any significant change in the overall temperature transient. Further-
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more, even some rod ejection may occur due to the great subcooled loadings.
This situation deserves a separate study, but for the moment, it suffices
to point out that mechanical constraints, hydraulic drag, and inertia
vould prevent rod ejection at such a fast rate that would allow the
resulting positive reactivity to compete with very fast -forming voids.
During blowdown, core temperature transient is characterized by
the fuel temperature redistribution and changes of heat transfer regimes at
the clad surface. At the prescribed gap conductivity, the steady state fuel
average temperature is 1845*F and the centerline temperature is 2897*F.
A sensitivity analysis of temperature transient with respect to gap conduc-
tance is presented in Section 9.7. Figure 9.7.F1 of that section shows the
energy redistribution history for the middle core region for two values of
gap conductance. It can be seen from that figure that the typical time
constant of the fuel is of the order of 10 - 12 seconds.
Pigs. 6.2.F8, 6.2.F9 and 6.2.FlO show the histories of the critical
heat flux ratio (DNBR or CHFR), heat transfer coefficient (HTC) and average
clad surface temperature for the middle core region. Only the cases of
1, 2 and 3-pipe-sizes breaks are presented, but for larger break sizes, the
pattern is similar to that of the 3-pipe-sizes break. For approximately 4
seconds in the initial stage of the blowdown, the clad surface temperature
drops due to increased mass flow and consequently increased heat transfer
coefficient. The flow transients can be seen in Figs. 6.2.F2 and 6.2.F3
(Curves J15). After this period, the mass flow decreases drastically due to
depletion and low system pressure, the HTC also drops equally fast because
the flow is essentIally in the steam regime. Fig. 6.2.F9 is a typical
quality history for the flow at core midplane. It begins at subcooled
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Fig. 6.2.F10
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quality (smaller than zero), then increases to 1.0 within 4 to 5 seconds
and remains there for a while until ECC water becomes effective. The clad
surface temperature climbs most steeply when the flow and the HTC drop ste-
eply. Highest clad surface temperature is reached at the quiescent stage
during which only steam is available to cool the core.
The HTC and DNBR curves in Figs. 6.3.F8, 6.3.F9 and 6.3.FlO are
not smooth curves. They have been obtained by plotting a few values at
finite time intervals, and noting that they are subject to fluctuations
due to fluctuations in flow rates, only straight lines have been used to
connect these points. The DNBR for small break sizes is above 1 for most of
the blowdown period, but for larger break sizes, the DNBR may drop below 1
for a substantial duration beyond 10 seconds. Again, it is during this same
duration that the flow quality is 1.0 and the clad surface temperature attains
its maximum value.
The observation of the above pattern for the clad surface temperature
transient is, in part, due to the nature of RELAP3. As the code uses the
assumption of thermodynamic equilibrium, the injected ECC water would be
instantaneously mixed first in the cold legs, dropping the enthalpy and
pressure of the coolant there. This necessitates the filling of the cold
legs before the water can be transported to other parts of the primary system.
The core mass flow in the quiescent period between 4-5 seconds and 14-16 sec-
onds consists mainly of steam evaporating from the primary coolant that remains
in the lower plenum. At about 14-16 seconds. the cold legs have been filled,
and the ECC water starts flowing towards the downcomer, the lower plenum,
and becomes effective in cooling the core. The clad surface temperature
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subsequently drops. In reality, some ECC water is expected to be entrained
before the cold legs are filled, thus the clad surface temperature should not
reach as high a maximum as shown in Fig. 6.2.Fll.
Fig. 6.2.F12 also shows a most interesting feature of the clad sur-
face temperature transients. This feature is the asymptotic configuration
assumed by clad surface at the middle core region as the break size is larger
than twice the flow area of the cold leg. The maximum of this asymptotic
configuration is some 1320*F, a value that compares well with LOCA by pipe
break. Explanation of this behavior can be stated as follows: The clad
temperature transient is determined by the energy inventory in.the fuel for
redistribution, the fission products decay heat, and the heat removal at
the clad surface. The fission products decay heat is practically the same for
all break cases. The initial energy inventory in the fuel is also the same.
Previous sections concerning core flow rates and HTC have shown that the
heat transfer is very effective in the first 4 seconds for large break sizes.
Thus the clad temperature drops and reaches practically the same minimum
as shown in Fig. 6.2.FlO. At this time, the fuel energy has been substan-
tially redistributed. Moreover, the leftover inventory for removal does
not differ greatly for different break sizes. At the steam cooling stage,
HTC is of the order of 10 - 30 Btu/hr. ft 2, again not varying too much for
different break sizes. With all these factors taken into account, that is,
with the almost same heat inventory, the same heat production, the same
starting temperature. and almost the same HTC, then it is not surprising
that the clad temperature should assume almost the same transient.
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For break sizes larger than 4 hot leg flow area, the asymptotic
temperature configuration should still be the same.
6.3 Conclusions
The loss of coolant accidents by hypothetical reactor vessel
break at the top have been studied with the WHAM and RELAP3 computer codes.
The principal parameters and processes under investigation are the sub-
cooled pressure differentials across the core and core barrel, the peak
subcooled force loadings, the normalized power history, the flow rates, and
mass loss histories, the coolant remaining in the lower plenum, and the average
clad surface temperature transient in the middle region of the core. The
parameters that have been changed to investigate their sensitivity to the
blowdown processes are the break time, break size, and fuel clad gas gap
conductivity.
It is found that the pressure and force loadings on vessel inter-
nals increase with increasing break size but would level out to a maximum value
as the break size becomes large. For a given break size, the loadings
decrease as the break time increases. The loadings arisen in the case of a
one-pipe-size instantaneous top break are slightly higher than those reported
for the case of a LOCA by double-ended hot leg break.
Void formation caused by system depressurization has been solely
responsible for tripping the reactor. The normalized power history for the
cases of one-pipe-size and two-pipe-sizes break brackets pretty well the
normalized power history reported for the same plant for the case of LOCA by
double-ended hot leg break.
%I3'4)
Unlike bottom and side vessel breaks, the break at the top does
not lead to flow reversal in the core for break sizes of one pipe size or
smaller, there is some fluctuation in the flow across the core and in the
hot legs which are caused by the combination of the depressurization by mass
loss and the flashing of liquid at various regions of the system. When the
break size is two-pipe-sizes or larger, the depressurization by mass loss has
the overriding influence, and the fluctuation is no longer noticeable except
at the steam flow stage at the end of the blowdown.
The end of blowdown is approximately 12.8 seconds for the one-pipe-
size break. For break sizes twice the flow area of the hot leg or larger,
the flow out of the break may be temporarily zero at around 4 seconds, but
would again resume significantly because there is still considerable coolant
in the primary system. With the slight modification of EOB as the time when
no significant flow exists out of the break, EOB for all large break sizes
falls into the range of 7 to 8 seconds, i.e. similar to the case of bottom and
side breaks.
The blowdown and its consequences in the case of a top break seems
to be better behaved than in the case of a bottom or side break. Typical exam-
ples are the behavior of the coolant mass remaining in the lower plenum, the
pressure history in the lower plenum, and the transient of the average clad
surface temperature in the middle core region. As the break increases in size,
the coolant mass remaining in the lower plenum and the lower plenum pressure
assume asymptotic configurations which clearly indicate a limiting value for
these quantities. The clad surface temperature starts out at the steady state
value (around 621*F), drops to approximately 350*F in about 4 seconds, then
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rises steeply to reach a peak just above 1300*F at 12 to 14 seconds. This
transient pattern is the same for 2-, 3-, and 4-pipe-size breaks. It is argued
that this is the limiting configuration for the average clad surface temperature
in the case of a vessel top break without change in core geometry. This
configuration is comparable and not worse than the transient of the clad
temperature in the case of a LOCA by double-ended pipe break reported in the
literature.
The break time is sensitive to the subcooled loadings but is rather
insensitive to the two-phase blowdown processes. The correct determination of
the fuel--clad gas gap conductivity, however, is quite important for the tran-
sient of the clad surface temperature.
(136)
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7. BOTTOM BREAKS: RESULTS AND DISCUSSIONS
The location of the bottom break has been selected at the weld zone
between the lower hemispherical head and the cylindrical section of the vessel.
A break at a lower elevation should not change the basic phenomenologies ex-
cept a possible smaller mass remaining in the lower plenum after end-of-
blowdown. A sensitivity study has been made to examine the effect of a break
at a lower elevation on the processes and parameters under investigation.
Irrespective of break elevation, a break at the lower vessel plenum
would foreclose any chance of reflooding the core. In the event of such a break,
alternate emergency core cooling location beside the cold legs.is, therefore,
warranted. The present analyses include cases when the ECC injection nozzles
are shifted from their ordinary cold leg location to the hot legs of upper
plenum.
The unit break size under study is 4.12 ft2 which is the flow area
of the 27-1/2 inch cold leg. Break sizes in multiples of 1, 2, 3 and 4 that
area have been investigated.
Similar to the cases of top breaks and side breaks, two different
sets of break time have been used. For WHAM computations of subcooled pres-
sure and force loadings which involve the velocity of sound in the subcooled
fluid, break times of 0.00025 second, 0.01 second, and 0.1 second have been
investigated. The 0.00025 second break time has been termed "instantaneous"
because it takes twice that time for the sound wave to travel across the
break.
TABLE 7.0.Tl
BOTTOM BREAK
CASES UNDER INVESTIGATION
Regime
Subcooled
Depressurization
'vo-Phase
Blowdown
Break
Size (1)
1.2
3&4
1
1
2
2
2
2
2
3
4
Break
Time
(sec)
0.00025
0.010. 1
0.01
0.1
0.01
0.1
0.1
0.1
0.1
0.1
0.1
Accident Time
Investigated
(sec)
0.06
25
40
25
25
25
25
25
25
40
Remarks
Three break time for each
break size
cold leg ECC injection
hot leg ECC injection
upper plenum ECC injection
Break at lowest point
(1) Break size is in multiples of 4.12 ft2, the flow area of the cold leg.
i.
I-J
C
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For RELAP 3 computations of two-phase blowdown, the break time of
0.1 second has been employed throughout, except for a few cases when a break
time of 0.01 second has been used to find out the sensitivity of basic blow-
dovn parameters to the break time.
Table 7.0.Tl lists the cases investigated.
7.1 Subcooled Depressurization
Similar to the top break, the subcooled depressurization of the
primary system has been studied with the WHAM computer code. Description
and verification of this code have been given in Chapter 4. The logical net-
work used to describe the primary system with a bottom vessel break is shown
in Fig. 4.2.F2. The dimensions, fluid conditions and noding characteristics
of this logical network are presented in Table 7.1.T1.
At normal operation and during the entire duration of the subcooled
depressurization, the fluid in the primary system is subcooled. Initial con-
ditions are that of the coolant at normal operation. In the nodalization of
the primary system, it has been necessary to lump the space-dependent condi-
tions into discrete ones for each node, with proper consideration for the
geometry of the flow paths. Two factors-have been neglected, namely the
effects of friction and of the coolant pumps. Both of these effects have been
shown by Fabic (F3) and Gruen (G2) to-be negligible when the decompression
is violent and fast.
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Table 7.1.T1
BOTTOM BREAK
CHARACTERISTICS OF TETWORK MODELED FOR WHAM
(For Use in Conjunction With Fig. 4.2.F2)
Initial Pressure Initial Velocity(1)
(psi) (ft/sec,)
2272.5
2269.2
2265.8
2262.5
2254.6
2246.6
2238.5
2236.5
2236.5
2236.5
2262.5
2254.6
2246.6
2238.6
2272.5
2276
2279.5
2283
2276
2279.5
2283
2286.5
2286.5
2288
2203
2203
2210.5
2225.5
2233
2235
0
6.5
6.5
15.5
15.5
15.5
15.5
6.9
0
0
1.4
1.4
1.4
1.4
-6.0
-29
-29
-29
-29
-29
-29
-29
0
-47.54
-37.8
-7.5
-15
-17.51-
-9
-50.47
Area
(ft 2 )
4.12 x (1,2,3,4)
119.5
119.5
47.9
47.9
47.9
47.9
134.24
134.24
1.0
23.44
23.44
23.44
23.44
129.4
10.18
10.18
10.18
16.54
16.54
16.54
36.4
36.4
16.48
20.81
105.8
54.56
54.56
105.8
18.35
Length
(ft)
No. of(2)
Subnodes
2
3.25 4
1.34 2
3.292 4
3.292 4
3.292 4
3.292 4
4.67 6
6.32 8
4.37 6
3.292 4
3.292 4
3.292 4
3.292 4
5.23 4
6.67 8
6.58 7
6.58 8
6.67 8
6.58 7
6.58 8
4.67 5
4.67 5
21.16 24
11.5 13
6.22 6
26.16 26
26.16 27
6.22 6
17.22 23
(1) Sign of fluid velocity is relative to the
ing subnodes Ln each leg.
(2) Nmber of subnodes is the integer closest
positive direction of increas-
to I/c A t.
Leg
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
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In this analysis, the pressure and force loadings on principal vessel
internals have been studied. The principal vessel internals are the core,
the core barrel, the thermal shield and certain components of the reactor
core. The vessel break is initiated by prescribing a time tb over which the
leak at the bottom of the vessel opens up from zero to a prescribed size A.
Four break sizes, which are respectively 1, 2, 3 and 4 times as large as the
flow area of the cold leg, have been studied. For each break size, three
break times of 0.00025 second, 0.01 second, and 0.1 second are used.
7.1.1 Transient Pressure Differentials
Fig. 7.1.Fl shows the history of the pressure differentials across
the core. Fig. 7.1.F2 shows the pressure differentials across- the core barrel.
The break time for these cases is 0.00025 sec. which can be termed as "in-
stantanious" because it takes twice that duration for the disturbance to tra-
vel through the break. The location of the break is at the buckled zone be-
tween the vessel cylinder and the bottom head.
The pressure differentials across the core is oscillatory with mag-
nitudes significantly damped after the first two pulses. The pulse period
is approximately 20 msec. which corresponds to a frequency of 50 cps. At
normal operation, the pressure differential across the core is 31.5 psi. As
the break is located practically at the same elevation as the bottom of the
core, the transient starts almost immediately after the start of the break.
The net magnitude of the differential increases until the decompression waves
have traveled up the top of the core to reduce the pressure there, at which
time the pulse turns around and increases past zero to the other direction.
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The oscillatory behavior of the pressure loadings is entirely due
to the reflection characteristics of the acoustic waves in a closed system.
Upon break initiation in the lower plenum, the sudden loss of fluid results
in decompression waves which travel from the break to other parts of the sys-
tem. As the waves encounter changes on their travel path, they are partial-
ly reflected. Reflected decompression waves are actually compression waves
that travel from other parts of the system towards the break. The combination
of these two opposing trains of waves at any point, with proper consideration
for its initial conditions, results in the new physical conditions for that
point. As the closed system is well defined with fixed dimensions, the os-
cillations have a more or less fixed period. (The period actually changes
slightly as the sound velocity changes with pressure.)
The history of the pressure differentials across the upper core
barrel is interesting in that the differentials are almost always in the in-
ward direction, and that the second pulse is larger than the first pulse.
This preferential direction of the pressure differential is due to the fact
that the WHAM model (Fig. 4.2.F2) employed in this study has placed the bottom
break approximately 10.66 ft. farther from the cold leg nozzles than from the
hot leg nozzles (twice the length of Leg L15). It is noted that the differen-
tial across the upper core barrel is the difference between the pressure at
the cold leg nozzles and the pressure at the hot leg nozzles. The value of
this difference at normal operation is approximately 50 psi. Due to the
shorter path, the same disturbance can travel to the upper plenum faster than
to the cold leg nozzles, thereby depressurizing the pressure in the upper
plenum a few milliseconds in advance.
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The fact that the second pulse is larger than the first pulse is not
readily explicable on the basis of available data. It seems to be due to the
complicated combination of waves which go through series of transmission and
reflections as well as the time-dependent buildup of these phenomenologies.
In reality, however, it seems that a bottom break would give rise
to much less pressure differential across the upper core barrel such as shown
in Fig. 7.1.F2. The reason is that it would take the disturbance about the
same time to travel to two points on the two sides of the upper core barrel.
This argument would be proved by connecting Leg 1 (the break) to Junction J15
(the lowermost point of the lower plenum), or by remodeling Fig. 4.2.F2 in such
a way that the downcomer annuli join the break at Junction J2 (Fig. 4.2.F2).
These changes have not been included in this study.
The pressure differential across the thermal shield should be nil
because disturbance waves traveling upwards from the lower plenum should be
the same on both sides of the thermal shield.
7.1.2 Sensitivity of the Pressure Differentials with Respect to Break Time
and Break Size
Fig. 7.1.F3 shows a plot of the maximum pressure differential across
the core versus break size for two break times of 0.00025 second and 0.01
second. Fig. 7.1.F4 shows a plot of the maximum pressure differential across
the core barrel versus break size for three break times of 0.00025 second,
0.01 second and 0.1 second.
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Fig. 7.1.F4
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It is seen that as the break size increases linearly from 1 to 4
times the flow area of the cold leg, the maximum pressure differential also
increases, but not linearly. There is a trend for the differential to level
out as the break size becomes large. Based on the structure of the WHAM
code, which assumes a break back pressure the same as the saturation pressure
of the subcooled liquid just upstream (p ), then the largest pressure dif-sat
ferential across any vessel internal should be the difference between the local
initial pressure and p sat. This largest pressure differential is approxi-
mately 1150 psi for the bottom break. The Idaho series of semi-scale blowdown
tests has shown that the selection of a break back pressure as p sat yields
results close to measured ones (G2), and most LOCA analyses to date have
used the same selection (Cl, 11). It is felt that if such selection is true
for a double-ended pipe break with coolant being discharged directly into the
containment, it must also be true for a vessel break which discharges the
coolant to the containment via the vessel pit.
When the break time is larger than "instantaneous," the peak pres-
sure differential is smaller. For exarple, the peak pressure differential
decreases approximately 30% when the break time is 10 milliseconds instead
of "instantaneous." When the break time is further increased to 100 milli-
seconds, the reduction is such that the peak pressure differentials are
smaller than 150 psi, a value quite negligible indeed in view of the severity
of the accident.
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The decrease in the pressure loadings at the increase of the break
time is, of course, due to the manner disturbance waves travel upstream from
the break. The time step of these WHAM computations is 0.25 millisecond. If
the break time is 0.25 millisecond, then in only one time step after break
initiation, the magnitude of the decompression wave is proportional to the
entire break size.- On the other hand, if the break time is 10 milliseconds,
then the first decompression wave has a magnitude proportional only to 1/40
of the break size. The train of decompression waves in this case, however,
consists of waves with increasing magnitudes for the duration of the break time,
thereafter the wave magnitudes decrease with respect to time due to lower
system pressure. The transmission and reflection of these waves in the pri-
mary coolant system would result in a pressure differential pattern with a
peak not occurring at the first pulse such as usually the case for the "'instan-
taneous" break.
Comparison with pressure loadings on vessel internals in the case of
a vessel side break presented in Chapter 8 indicates that the bottom break
is not as severe. The reason has already been mentioned earlier in this sec-
tion as due to the proximity of the break to the core and to the parallel
travel of decompression waves on both sides of the core barrel.
7.1.3 Force Loadings
The force loading on a vessel internal is the vector sum of the
hydrostatic force, the friction force, the inertial force, and the body force
(gravity). The hydrostatic force is by far the dominant one which gives rise
to inertial and frictional forces because it is due to the pressure differen-
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tial that the flow is maintained of altered. Gravity is very small compared
to the other forces and can be safely neglected. Friction force is also ne-
glected in this work on the basis of analytical and experimental verification
by Fabic (F3) and Gruen (G2) that such a practice does not give rise to sig-
nificant errors.
Table 7.1.T2 lists some values of force loadings across the core.
In this case, the combination of the hydrostatic and inertial forces are
straightforward because they are both parallel to the flow channels. The in-
ertial force has been computed by WRAM as to represent the accelaration or
deceleration of the fluid in the core. The hydrostatic force has been ob-
tained by multiplying the pressure differential across the core to the cross
section of the core inside the baffle, which is 96 ft2.
Since the relationship between the fluid pressure, velocity and force
loading is one to-one, the time history of the loadings should be similar to
that of the pressure differentials such as presented in Fig. 7.1.Fl. Due
to this reason, only two values of the loadings for each break case have been
presented in Table 7.1.T2, one at the time of a peak pressure differential,
the other at a time when the pressure differential is essentially nil. The
corresponding net loadings in this table attest to the statement that the loa-
dings-are high when the pressure differentials are high.
Similar to the top break cases, an approximate loading on each fuel
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Table 7.1.T2
BOTTOM BREAK
SOME VALUES OF FORCE LOADINGS ACROSS THE CORE*
Inertial Force
Cases
At 4 msec, neak
A =1
A =2
A =3
A 4
At 21 msec, low
A =1
A 2
A =3
A =4
1.2758
2.4029
3.3952
4.2659
0.1523
0.2717
0.2638
0.0710
Hydrostatic Force
(106 lbs)
-2.4980
-5.0458
-7.2770
-10.5753
0.0567
-0.0843
0.1106
0.7451
* Forces due to momentum flux change, friction and gravity are neglected.
Cross section of the core is taken as the area inside the baffle, or
96 ft 2 . Positive direction of the force is upwards (arrow in Fig.
4.2.F2).
Total
(106 lbs)
-1.2222
-2.6429
-3.8818
-6.3094
0.2090
0.1874
0.3744
0.8161
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TABLE 7.1.T3
BOTTOM BREAK
LARGEST SUBCOOLED FORCE LOADING PER ASSEMBLY
Break Size
A I
A 2
A 3
A 4
LOCA By Cold
Leg Break*
Peak Loading (lbs)
6,332
13,694
20,113
32,691
9,900
* From Reference Cl, Section 14.3.2.2.6 (Revised)
(155)
assembly can be obtained by dividing the net core loading by 193 fuel assem-
blies. The results lts for the four break cases together with the value given
by the manufacturer for the LOCA by pipe break are given in Table 7.1.T3.
It is seen that the force loadings on each fuel assembly is larger the lar-
ger the break size, but for the 1-pipe-size break case, the loading is only
65% of value presented by the manufacturer for the LOCA by cold leg break.
This analysis has not included computations of force loadings on
the core barrel and other vessel internals. It is because the force loadings
on the core barrel are both space and time dependent. It is further compli-
cated by the argument presented in Chapter 4 that the approximation of the
downcomer annuli as one-dimensional flow tubes may not be a rigorous (although
conservative) representation of the physical system. However, the force loa-
ding on the core barrel should be recognized as consisting of three components.
The first component is the hydrostatic force which is always perpendicular
to the barrel surface, hence is alternating between compression and tension
in effect. The second is the combination of friction and inertial forces
which act parallel to the surface and on both sides of the core barrel. These
two components should be simple to calculate for every elevation of the barrel,
hence for its whole length by numerical integration. The third component is
the horizontal or torsional inertial force resulting from cross flow in the
downcomer annuli is not assessable with the techniques and assumptions em-
ployed in this study.
7.2 Two-Phase Blowdown
As having been mentioned at the beginning of this chapter and else-
where in this study, the basic tool of analysis for the two-phase blowdown
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processes is RELAP 3, Mod 36 (R2). Plant initial conditions are as described
in Chapter 5. The break location is selected at the weld zone between the
hemispherical head and the cylindrical section of the vessel. Break sizes are
in multiples of cold leg flow area, which is 4.12 ft2 . The basic break time
is 0.1 second, although a break time of 0.01 second has also been studied to
examine the effect of this parameter on the blowdown processes. The main
blowdown processes under investigation are the normalized power history, the
flow reversal, the coolant flow in different parts of the primary system,
the history of mass loss, the pressure history in the upper and lower ple-
num, the heat transfer coefficient, the critical heat flux ratio, and the
behavior of the average clad surface temperature transient.
All values computed by RELAP 3 are averaged values in the nodal
volumes of junctions modeled to represent the physical primary loop. This
model has been shown in Fig. 5.3.Fl.
7.2.1 Normalized Power History
Fig. 7.2.F1 shows the normalized power history for the four bottom
break cases and the case for LOCA by double-ended pipe break which is pro-
vided by the manufacturer (Cl).
Void formation has been solely responsible for reactor scram because
control rod action has been assumed not to take place until 30 seconds after
the start of the break. Fuel, moderator and other metal temperature coef-
ficients are practically constant and negligible for the first fraction of a
second.
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It can be seen that the larger the break size, the faster the reactor
scrams. Cases for break sizes of 1 and 2 times the flow area of the cold leg
bracket pretty well the case for double-ended pipe break. At times larger
than 0.1 second, the normalized power curves for all vessel break cases in
this study lie above the curve for double-ended pipe break supplied by the
manufacturer. This is due to the fact the present study has conservatively
overlooked control rod action and other coolant and metal reactivity coef-
ficients while the DE curve takes these into account.
Superposition of curves in Fig. 7.2.Fl on corresponding curves for
the top break (Fig. 6.2.Fl) show that the bottom break cases cause a faster
reactor scram. This is true despite the top breaks are slightly larger in
net sizes and the break times are also shorter. Furthermore, the power curve
for the case of one-pipe-size break does not show the obvious power leveling
at around 1 second as in the case of the top break. The only reason for these
observations is that a break at the bottom involves more subcooled liquid
and thus a faster depressurization.
Fig. 7.2.F2 further shows that a smaller break time (0.01 second
instead of 0.1 second) would bring about a faster reactor scram. However, the
time needed for the power to drop to a certain level, say 30%, is only slight-
ly different for the two cases. It is shown in Chapter 9 that except for these
small differences which do not bring about significant consequences, the
break time is rather insensitive to most of the two-phase blowdown processes.
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7.2.2 Flow Reversal
A break in the lower plenum is different from a break in the upper
plenum in that there is a flow reversal across the core in the former case.
As the break opens up, allowing subcooled liquid to escape, the pressure in
the lower plenum quickly drops. Whereas the pressure differential across
the core in normal operation is of the order of 30 psi, the upper plenum now
has a much higher pressure than in the lower plenum. The flow through the core,
therefore, slows down and reverses its direction in order to allow coo-
lant from the upper plenum to flow towards the break.
Flow reversal takes place faster the bigger the break and the smal-
ler the break time. For the relatively long break time of 100 msec, the
reversal happens at 55 msec for 2-, 3-, and 4-pipe-sizes breaks. In all cases,
trip signal for break actuation occurred at 5 msec, a preassigned value in-
putted into RELAP 3. For a break time of 10 msec instead of 100 msec, the
flow reversal happens within 10 msec after the break actuation, indicating
that the flow reversal is entirely governed by the pressure differential
across the core.
Fig.7.2.F3 shows the flow revdrsal for the different break cases.
Except the lower plenum, coolant in the entire primary system is still sub-
cooled when flow reversal occurs.
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7.2.3 Pressure Histories in the Upper and Lower Plena
At normal operation, the coolant in the lower plenum is approximate-
ly at 555*F, 2272 psi, while that in the upper plenum is approximately at
613*, 2236 psi. The pressure drop across the core is 31.5 psi.
Figs 7.2.F4, 7.2.F5, and 7.2.F6 show the pressure histories in the
upper plenum and lower plenum respectively for the break sizes of 1, 2, 3 and
4 times the area of the cold leg cross section.
As having been pointed out previously, the largest pressure differ-
ential across the core occurs during the subcooled blowdown period. The
portion of the curves in Figs. 7.2.F4 and 7.2.F5 between 0.01 second and 0.1
second would not tell the same kind of details as Fig. 7.1.Fl would. How-
ever, beyond 0.1 second, the obvious trend is that the difference in pressure
between the upper and lower plena is larger the larger the break size. The
drop in pressure in the lower plenum is very rapid while the drop in pressure
in the upper plenum is slower thanks to the farther location of the upper
plenum from the break.
Figs. 7.2.F4 and 7.2.F5 show some evidence of flashing at around
0.2 second when the pressure in the uppei plenum has a plateau at approximate-
ly 1500 psi and the pressure in the lower plenum has a plateau at approxi-
mately 1100 psi. Another plateau bet'ween 0.5 and 1 second is due to limiting
flow that takes place in various flow paths of the primary system.
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7.2.4 Flow Rates
Figures 7.2.F7, 7.2.F8 and 7.2.F9 show the flow histories for a certain
flow paths of the primary system after onset of the bottom break. Notations
of the curves correspond directly to the flow junctions of the model as pre-
sented in Fig. 5.3.Fl. Thus, J19 represents the ECC injection flow rates,
and J20 represents the flow out of the break. The flow rate at the midplane
of the core has been taken as the average of the flow rates at Junctions J15
and J16 which constitute the two ends of the middle core region.
A prominent feature of the flow pattern in the primary system sub-
sequent to a vessel break in the flow choking that takes place in junctions
of small cross sections and high friction. This feature has not been dis-
played satisfactorily in Figs. 7.2.F7, 7.2.F8 and 7.2.F9 except for the break
flow in those figures. A close examination of the flow pattern for the case
studied reveals the following flow paths that are most likely to be the site
of choking flow: the break, the downcomer annuli, the cold legs, the hot
legs, and the pressurizer surge line.
Choking flow at the break is established almost immediately at the
break, after an initial short time of liquid loss for the lower plenum to
drop the pressure fast enough for the two-phase flow to come into prominence.
Flow out of the break is choked so long as the pressure in the lower plenum
is still high. For large break sizes, the pressure in the lower plenum drops
very fast, therefore, choking flow through the break is also fast to cease,
e.g. at 1.5 to 2.0 seconds for the breaks three and four times the flow area
of the cold leg.
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Fig. 7.2.F8
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Fig. 7.2.F9
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The fast drop of the pressure in the lower plenum creates a large
pressure differential across the downcomer annuli, and the flow there is also
choked. This choking feature would travel up to the cold legs, hot legs and
the surge line of the pressurizer.
No flow choking is seen across the core and the steam generator
U tubes. This is due to the large lumped flow areas of these flow paths
(47.09 ft2 for the core and 54.46 ft 2 for the steam generators). Whether
this is a physical fact or not is unclear at present. It seems that a large
pressure differential in the order of several hundred psi (Figs. 7.2.F4, 7.2.F5,
and 7.2.F6) across the core would create flow choking in the small flow chan-
nels. In order to check this possibility, it is necessary to represent the
( flow channel individually (instead of a lumped, fictitious tube for the whole
core.) Mass and momentum conservation in this case can be achieved by mul-
tiplying the individual channel flow by the total number of flow channels.
Some changes of the RELAP 3 code is necessary for such a representation.
7.2.5 End of Blowdown (EOB) and Start of Emergency Core Cooling Injection (SECCI)
End of blowdown has been defined (A3) as the time when the flow out of
the break first stops. This definition seems to- be unacceptable for breaks
larger than the pipe break because in the former case there is such a violent
fluctuation in the flow rate that thd flow may temporarily pause, but then
resumes again at large rates. Therefore, it has been decided to interpret
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E0B as the time when the flow out of the break has dropped to an insignifi-
cant value, say 100 lbs/sec. With this definition, EOB of larger vessel breaks
tends to be between 7 and 8 seconds irrespective of break size.
Table 7.2.T1 lists EOB and the time for the start of emergency
core cooling (SECCI) for the bottom break sizes considered. When the flow
fluctuation is violent, a range is given in which the break flow may become
zero for an instant and then resumes again at respectable rates.
SECCI is defined as the time when emergency core cooling water starts to
be injected into the primary system. This is the time when the pressure in
the receiving node has dropped to 660 psi. Unlike EOB, the tiie for SECCI is
unambiguous. It takes place between 1.0 and 2.0 seconds for large vessel break
sizes.
7.2.6 Mass Loss History
Fig. 7.2.F10 shows the mass loss history for the four break sizes under
consideration. At normal operation, the total inventory of primary coolant in
the system is approximately 470,000 lbs.
It is noted that the mass loss curves tends to crowd together as
the break increases in size. When the break size is 3 to 4 times the flow
area of the cold leg, then the mass loss curve seems to reach an asymptotic
configuration. This is the result of flow choking which tends to limit the
mass flow rates out of the break even though the break size has become very
large.
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TABLE 7.2.T1
BOTTOM BREAK
END-OFBLOWDOWN (EOB) AND START OF
EMERGENCY CORE COOLING INJECTION (SECCI)
Break Case 1 )
A 1
tb 0.1 sec
tb 0.01 sec
SECCI
(sec)
5.73
A 2, cold leg ECC
tb = 0.1 sec
tb - 0.01 sec
A = 2, hot leg ECC
tb = 0.1 sec
A w 2, upper plenum
tb = 0.1 sec
A 3
A 4
t = 0. 1 sec
b
th = 0.1 sec
1.655
1.61
1.915
1.92
1.13
1.075
ECC
7.25-7.92
7.53-8.04
6.93-7.88
6.61-7.65
7.04-8.01
6.53-7.97
(1) 'A' is the break size in multiple of cold
tb is the break time over which the break
full size.
leg flow area
opens up from
(4.12 ft2).
zero to its
(2) Where two numbers are shown for EOB, the first number is the time
when the flow out of the break temporarily pauses, and the second
number is the time after whici no significant leak exists.
E0B(2)
(sec)
12.2
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The mass loss for the bottom break is slightly faster than for the
top break in spite of the fact that the break area is 10% smaller for cor-
responding cases. This is because a break in the bottom would allow more
subcooled fluid to be lost before two-phase equilibrium and flow choking
can be established.
7.2.7 Coolant Mass In Lower Plenum
The coolant mass in the lower plenum following a bottom break depends
on the postulates of the break and the relative pressure in other parts of the
system, particularly the upper plenum and the cold legs.
A plot of the coolant mass versus time is illustrated in Fig. 7.2.Fll.
It shows a more complicated pattern than in the case of top or side break.
As the break has been assumed at the weld zone between the cylindrical part
and the hemispherical part of the vessel, there is room in the lower head
to contain significant amount of coolant during the blowdown. Upon break
initiation, loss rate from the break is much larger than the make up rates
as results of flow towards the lower plenum from the annulus and upper plenum,
thus the total mass drops rapidly. This drop rate levels out until EOB when
the total mass remains practically constant, around 10,000 lbs. This is the
period when pressure differentials between various contiguous nodes are small,
and only evaporating steam from the lower plenum is available for core cooling.
When the cold legs have been filled with ECC water and this water starts
flowing towards the downcomer and down the lower plenum, then the coolant
mass in the lower plenum starts to rise, between approximately 16 to 22 se-
conds after the rupture.
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Fig. 7.2.F11 shows a conspicuous mass surge in the lower plenum
around 4 seconds for the cases of break sizes 3 and 4 times the cold leg
flow area. A study of pressure and flow rate histories, such as shown in
Figs. 7.2.F5 and 7.2.F9 indicates that this surge is the result of the assum-
ption on the back containment pressure, and to a lesser degree, to the flow
imbalance between inflow and outflow of the lower plenum. The model for
REIAP 3 in this series of calculations has used a containment back pressure of
75 psi, the justification for which has been presented in Chapter 5. When
the break is large, the pressure in the lower plenum drops to this value very
fast, at around 4 seconds. When this pressure has been reached, then RELAP 3
does not allow any further leak. On the other hand, considerable mass and
pressure still exist in the upper plenum and the cold legs, and the coolant
continues to flow into the lower plenum. Figs. 7.2.F12 and 7.2.F13 illustrate
the effect of inflow and out flow imbalance on the coolant mass history in the
lower plenum. Outflow rate is that of the break. Inflow rate is the sum of
the flow rate through the core and the flow rates of the core bypass and the
downcomer annuli. It is seen that the mass history is explainable rather well
on the basis of inflow and outflow rates.
A comparison of Fig. 7.2.Fll with Fig. 6.2.F4 shows the surprising
result that the minimum mass remaining in the lower plenum is larger for the
bottom break than for the top break. The reason for this result may be due
to the phase separation model. When the break is at the buckled zone of the
lower plenum, phase separation is reached faster, allowing more steam to flow
out of the break, whereas when the break is at the upper plenum, the flow out
(177)
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of the break entrains more water droplets. This explanation is plausible due
to the result presented in Chapter 6 that a more homogeneous phase separation
model would cause less coolant to remain in the lower plenum after EOB.
A break at the lowest point of the bottom head would cause an al-
most complete loss of coolant from the lower plenum after EOB. Fig. 7.2.F14
illustrates this result for the case of a break size twice the cold leg flow
area. The minimum mass remaining at 10 seconds is 120 lbs which is the mass
3of saturated steam at 75 psia in a volume of 1100 ft3 . Fig. 7.2.F14 shows
further a build up of water in the lower plenum when ECC water starts flowing
in from the cold legs. This result seems to be due to programming logic,
because this logic calls for a complete stoppage of inflow or outflow at the
break when the pressure in the lower plenum has dropped below 75 psi. In
reality, even when the pressure immediately outside the break is 75 psi or higher,
the cold ECC water would drop out of the plenum. Thus when the break at the
lowest point of the bottom head, it is doubtful that the ECC water would ever
be effective. Steam rise from the lower plenum, if any, is more likely to flow
out of the break due to the steam 1>inding effect in the core. Therefore,
alternative ECC injection location seems to be needed, such as a location in
the hot legs or at the upper plenum.
7.2.8 Quality of Coolant In Middle Core Region
The quality of the coolant n the reactor is a factor which deter-
mines the heat transfer regime of the core
(181)
Fig. 7.2.Fl5a is a typical history of coolant quality in the middle
core region. The coolant in that region is subcooled at normal operation.
After the start of the break, the pressure in the core drops to saturation
pressure very quickly, allowing steam to form. The coolant quality increases
from 0 to 1.0 in about 4 seconds and remains at 1.0 until ECC water becomes
effective. Stable.film boiling occurs when the surface heat flux is higher
than the DNB flux, and this generally happens when the coolant quality is high.
At around 4 seconds when the coolant quality becomes 1.0 and remains there for
many seconds, the clad surface temperature starts a steep climb. This temper-
ature rise is turned around later when ECC water becomes effective in lowering
the quality of the flow through the core.
7.2.9 Heat Transfer Coefficient (HTC), Critical Heat Flux Ratio (DNBR) and
Clad Surface Temperature
Fig. 7.2.F15 shows the temperature transient of the average clad
surface temperature such as the pattern shown in Chapter 6 for the top break.
Except for the case of two-pipe- sizes break, the other breaks cause the clad
surface temperature to rise from the very start of the accident, reach a
high at around 1 to 2 seconds,. then level off before a second steep rise to
to a new peak. But when the break is twice the flow area of the cold leg,
the clad surface temperature shows a small increase before flow reversals,
then decreases to a low value of approximately 370*F at 5 seconds, then starts
a steep climb when coolant flow through the core is predominantly steam.
Some insight into the behavior of the clad temperature can be obtai-
ned by examining the flow rate of the -coaani through the core, the heat
transfer coefficient and the critical heat flux ratio such as those in Figs.
7.2.F16 and 7.2.F17.
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BOTTOM BREAK
CLAD SURFACE TEMPERATURE IN MIDDLE
CORE REGION
1500
f3
1000
0
wj
<-
cc4
a-
10 20
TIME (SEC)
(184)
Fig. 7.2 F16
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Fig. 7.2.F17
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Fig. 7.2.F 18
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Fig. 7.2.F20
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For a break size larger than twice the flow area of the cold leg,
flow reversal at the core midplane takes place in less than 0.02 second. The
behavior of the heat transfer coefficient, the DNB ratio and the clad sur-
face temperatures in the period between 0 and 0.02 second is not shown in
Figs. 7.2.F16 and 7.2.F17, but can be seen in more details in Figs. 7.2.F18,
7.2.F19 and 7.2.F20. Typically, the heat transfer coefficient starts out
2
at the steady state value of approximately 6400 BTU/hr ft . It decreases
after the actuation of the break because the flow through the core slows
down. After flow reversal, the coolant is still subcooled and the mass flow
through the core is large, the heat transfer coefficient thus rises again to
2
a value in the order of 1000-2000 BTU/hr ft and remains there for 4 to 5
seconds..
The heat transfer coefficient of cases 1, 3, and 4 (break soze
is equal to 1, 3 and 4 times the flow area of the cold leg) does not demon-
strate the same pattern as described above. After flow reversal, it does
2
not stay at a high value of 1000-2000 BTU/hr ft , but drops down an order of
magnitude and remains there for the duration of the blowdown. This is possi-
rle if there is onset of DNB which may be caused by the following interre-
lated factors: a) A DNBR smaller than 1, b) A high coolant quality so that
stable film boiling takes place. Both of these factors are not seen to take
place in Figs. 7.2.F19 and 7.2.F15. The reason for the calculated steady rise
4 the clad surface temperature after flow reversal for the case of 1, 3 and
4 pipe-sizes breaks is therefore, not obvious on the basis of present evidence.
(190)
7.2.10 DNB Correlation Involving Flow Reversal
The previous section reveals an apparent anomaly in the way the heat
transfer coefficient is calculated after flow reversal. Figs. 7.2.F21 and
7.2.F22 serve to further illustrate this anomaly. For the bottom break size
twice as large as the cold leg flow area, the clad surface temperature tran-
sient assumes two different paths for the break times of 0.01 second and 0.1
second. It is shown in Chapter 9 that the break time is very insensitive to
most parameters of interest in the two-phase blowdown. These parameters include
the flow rates, the rate of mass loss, the rate of ECC water injection, and the
clad surface temperature transient. The flow rates through the core such
as shown in Fig. 7.2.F22 attest to this conclusion. The heat transfer coef-
ficients in the same figure, however, differ by a factor of approximately 20.
It is obvious that the low heat transfer coefficient (tgm0.01 sec.)
results from the stable film boiling correlation. It is not obvious, however,
that the heat transfer should be in that regime when the coolant flow through
the core is still two to three times its value at normal operation.
Two possible causes of this anomaly are:
a) There may be a programming error in RELAP 3 which locks the
heat transfer into the stable film boiling regime once that regime
is entered. The previous section has shown that the DNBR is gene-
rally larger than 1.0 for the first fraction of a second. Thus,
the error, if any, may be due to a logical decision which does
not involve a direct comparison of the surface heat flux to the
DNB flux.
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Fig. 7.2.F22
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b) The DNB heat correlations employed by RELAP 3 are steady
state correlations which feature the mass flow rate (G) as a direct
parameter. For the complicated geometry of a nuclear plant, these
correlations at best are valid only within the range of conditions
upon which they were formulated. Extrapolations of the calculations
beyond the range of validity of the correlations would yield unre-
liable results. But this extrapolation has been practiced for the
bottom and side breaks because these cases involve flow reversals
when the mass flow rate slows down from a high value to zero and then
to a high value in the opposite direction.
Griffith (G3), in examining results of calculations by Aerojet Nu-
clear Company for the 1-1/2 Loop Semi-Scale System (A7), has suggested that
departure from nucleate boiling (DNB) may not have a chance to take place
during the fast flow reversal in the early stages of a LOCA. Recent tests
on a BWR-type fuel element (L6) show that the predicted CHF does not occur
until approximately 4 seconds after coolant shut off, and this is the case
for various coolant shutoff times. Both Griffith's suggestion and Lahey's
results (L6) seem to be of importance if the anomaly of the clad surface tem-
perature transient presented in this section is to be resolved.
On the basis of the increased flow rates after flow reversal, and the
results of the top break cases, it it possible that the correct pattern for the
average clad surface temperature transient is a slight increase before flow
reversal, then a steady decrease to a low value of some 370*F at about 4 se-
conds, and finally a steep increase to a peak Just before ECC water is ef-
ective. This peak, as can be inspected in Fig. 7.2.F15, is below 1500*F,
and is comparable to that of a LOCA by cold leg break.
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A recent, unpublished series of experiments by Lawson (LS) invol-
ving a simulated loss of coolant in a high pressure system equipped with hea-
ted tubes, indicate that the clad surface temperature did indeed drop following
flow reversal.
7.2.11 Bottom Breaks with ECC Injection Above Reactor Core
As mentioned at the beginning of this chapter (Table 7.0.Tl),
studies have been made with ECC injection at the hot legs and in the upper
plenum. The purpose is to find out the behavior of the clad surface temp-
erature transient as compared to the case of ECC injection at the cold legs.
Principal results of these studies are presented in Chapter 9. In
general, the basic blowdown phenomenologies do not change when the ECC injec-
tion location is changed. One should intuitively suspect that when the vessel
has a hole at the lower plenum, then the cold leg ECC water would all flow
out the break. Therefore, if the core is to be cooled, ECC water must be
available from the top.
This insight, however, is not observed during the first 25 seconds
of the blowdown. In fact, Section 9.4 even indicates that an injection from
the top may give a higher clad surface temperature in the first 25 seconds of
the blowdown. The tentative explanation for these calculational results is
that an early ECC injection at the reactor top would hinder flow through the
core. However, the model for these studies is not detailed enough to account
for effects such as ECC injection velocity and the period of analysis is not
long enough to account for longer term coolability of the core. Further
study in this area is warranted.
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7.2.12 Average Clad Surface Temperature Transient in a LOCA by Double-Ended
Cold Leg 3reak
Fig. 7.2.F23 is a plot of the average clad surface temperature of
the three core regions (lower, middle, and upper) following a postulated LOCA
by a double-ended cold leg break. Data of this plot is extracted from a RELAP3
34-volume sample problem that was included in the RELAP3 package (A) The
sample problem is intended to represent a LOCA by double-ended cold leg break
I& a 3411 M t PWR plant. Most of the plant characteristics are similar to
these used in this study except the following: a) the break is truly instan-
tosmaus in that no break time is assigned, b) a rather high gas gap conductivi-
2ty I used (0.4687 Btu/hr ft F), and c) the lower portion of the core is assi-
mwd the largest power fraction.
Izainxaon of Fig. 7.2.F23 reveals the following observations:
a) The average clad surface temperature is highest for the lover
cwe region.
b) The peak of the average clad surface temperature is Just below
500*F, that is, not better off than the worst vessel break so far under in-
vestigation
c) The pattern of the average clad surface temperature transient
is a steep initial climb characteristic of an early DNB. This has been argued
in previous sections as probably not'physical. Further studies on transient
DNB correlations involving flow reversal is necessary.
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7.3 Conclusions
A break in the lower plenum of the reactor vessel causes the system
to depressurize faster than when the break of the same size is situated in the
upper plenum or at the side. The fast depressurization allows void to form in
the core at the earliest stages of the blowdown and this void formation alone
is capable of scramming the reactor
The analysis of the blowdown has been based on the assumption that
the vessel internals. particularly the core, maintain their integrity and geo-
ietry. Subcooled pressure and force transient loadings on vessel internals
have been analyzed with the WHAM computer code. Results indicate that the load-
ings depend very strongly on the break time which is the duration (of the order
of fractions of a second) over which the break opens up from zero to the pre-
assigned size. The highest loadings are associated with the "instantaneous"
break. The peak pressure loadings across the core is of the order of 600-700
2
psi and 50 cps (for a 16.48 ft break). The peak force loading across the core
for the same case is of the order of 6000 kips. The peak pressure loadings
across the upper core barrel is between 500-600 psi which is smaller than for
the case oif the side break of the same break size.
As the break size increases, the loadings on vessel internals also
increases, but not linearly. There is a tendency for the pressure loadings
to level out and to be asymptotic to a maximum value which is the difference
between the. subcooled pressure and the saturation pressure of the fluid in
*'he loweer pleczum.
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The break time is not as sensitive in the two-phase blowdown as in
the subcooled period. The only change introduced by a change of break time
from 0.1 second to 0.01 second is a slightly faster scram and a slightly
faster flow reversal. Other parameters such as the histories of flow rates,
mas loss, coolant remaining in the lower plenum, and average clad surface
teerature remain essentially the same for the duration of the blowdown.
Flow reversal is a special feature of the bottom break as compared
to the top break. The reversal takes place very fast, some 56 msec. for the
meM of one-pipe-size break and less than 20 usec for larger breaks.
The flow of coolant in various flow paths is very turbulent and often
choked. Choking flow occurs at the flow paths with small cross sections and
high friction. These include, in the order of occurrence, the break, the
downeomer annuli, the cold legs and the pressurizer surge line. Flow through
the (are coolant channels and through the steam generator U tubes is not choked
for the cases under study because the cross section of these flow paths is
quite large. It is suggested that, with the presence of many hundred psi
across the flow channels, the flow in the channels may be critical, and this
can be assessed only by treating an individual channel as a flow path.
The existence of choking flow in various critical flow paths l.E4ing
to the break is the cause for the asytptotic behavior of many blvow par .
meters as the. tak kr 904 in size. These parameters include system pressure
mass loss rate, coolant mass remaining in the lower plenum, and clad surface
tempevatuxe., Ve W-end Lf-owdown has been defined (A3) as the time when the
11Me Pot MR 09Wl A tt e It is argued that, due to the violent
si1wth OW in the case of large vessel breaks, EOB could be inter-
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preted as the time when the flow out of the break is no longer significant.
In this light, EOB is between 7 and 8 seconds for any large break size under
zvestigation.
The mas remaining in the lower plenum after EOB is larger for a
bottm break at the buckled zone than for a top or side break. This result
is rather surprising and is tentatively explained as due to phase separation
-odel and to the present containment pressure However, when the break is
located at the lower most point of the lower plenum, there is essentially no
more coolant remaining in the lower plenum after EOB.
The average clad surface temperature transient in the middle region
of the core is shown to assume an asymptotic configuration as the break
increases in size. The peak of this asymptotic configuration is below 1500*,
a result not worse off than existing data on LOCA by double-ended pipe break.
The clad surface temperature, however, sometimes goes through a drop before
a steep climb, sometimes starts the steep climb from the onset of the break.
This erratic behavior exists for different break sizes and the same break time,
or for the same break size with different break times. It is argued that the
correct pattern is the transient with a very slight rise before flow reversal,
then a steady drop till close to EOB, then finally a steep climb after EOB
and before the ECC water becomes effective. That the temperature sometimes
rises steeply from the start of the accident and keeps on rising throughout
the blowdown is attributed to either an error in the RELAP3 decision logic,
or to the inadequacy of the existing DNB corretations in the case of transient
flow with reversals.
(200)
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8 SIDE BREAK: RESULTS AND DISCUSSIONS
The location of the break has been selected at the vessel wall
opposite the center of the reactor core. Just before the break, the
reactor is at steady state operation, the annulus is approximately at
2280 psia, 555*F and the downcomer flow velocity is some 29 fps.
2The unit break size is 4.12 ft the cross sectional area of
the cold leg. Break sizes in multiples of 1, 2, 3 and 4 times that area have
been studied. The rupture is assumed to open up linearly from zero to
the specified area over a break time ranging from 0.00025 second to 0.1
second. Subcooled blowdown loadings and two-phase blowdown phenomena
are studied. The results are summarized below.
8.1 Subcooled Blowdown Loadings
Description of system leg setup has been illustrated in Chapter 4,
Table 4.2.Tl and Fig. 4.2.F3. Table 8.1.T1 describes the real system dimen-
sions and various important parameters necessary for reference in the following
discussion.
Leg 1 has been used to simulate the break. Before the rupture,
it has the same pressure, temperature, subcooled condition as the location
in the annulus opposite the reactor core center. Upon break initiation,
liquid starts to blow out the end of leg 1, thereby creating decompression
waves #&ich travel to Leg 2 and Leg 4 at the same time because of the junc-
tiozn of these legs with Leg 1. The pressure just outside the break is
taken as 1087 psai the saturatfon pressure of water at 555*Y which
(204)
Log
No.
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
Initial p
(psi)
2279.5
2279.5
2276.0
2283.0
2283.0
2279.5
2276.0
2286.5
2286.5
2272.5
2269.2
2265.8
2262.5
2254.6
2246.6
2276
2235.5
2236.5
2236.5
2262.5
Table 8.1.T1
WHMA NETWORK FOR SIDE BREAK
Initial u Area Length
(ft/sec) (ft2) (ft)
0 4.12X 1.6
29 16.54 6.58
29 16.54 6.67
-29 16.54 6.58
29 10.18 6.58
29 10.18 6.58
29 10.18 6.67
-29 36.4 4.67
0 36.4 4.67
6.0 129.4 5.33
6.5 119.5 3.25
6.5 119.5 1.34
15.5 47.9 3.292
15.5 47.9 3.292
15.5 47.9 3.292
15.5 47.9 3.292
6.9 134.24 4.67
0 134.24 6.32
0 1.0 4.37
1.4 23.44 3.292
Number of
Subnodes
2
7
8
8
8
7
8
5
5
6
4
2
4
4
4
4
6
8
6
4
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Leg
No.
Initial p
(psi)
2254.6
2246.6
2238.6
2288
2203
2203
2210.5
2225.5
2233
2235
Initial u
(f t/sec)
1.4
1.4
1.4
-47.54
-37.8
-7.52
-15
-17.51
-9.0
-50.47
Areg
(Ft )
23.44
23.44
23.44
16.48
20.81
105.8
54.56
54.56
105.8
18.35
Length
(ft)
3.292
3.292
3.292
21.16
11.5
6.22
26.16
26.16
6.22
17.22
(1) Sign of steady state velocity is relative to the positive
direction of increasing subnodes in each leg.
(2) Number of subnodes is the integer closest to L/CAT where
c is the sound velocity and At=0.25 msec.
Number of
Subnodes
4
4
4
24
13
6
26
27
6
23
21
22
23
24
25
26
27
28
29
30
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A present in the annulus. Three different break times are studied,
0.00025 sec., 0.01 sec. and 0.1 sec. As 0.00025 sec. is the time for
waves to travel only 1 subnode (Leg 1 has 2 subnodes), it can be considered
athe nstantanzous" rupture case
8.1.1 Transient Pressure Differentials
Figs. 8.1.Fl, 8.1.F2 and 8.l.F3 show the pressure differential
tramsents across the core, the core barrel and the thermal shield, respec-
tively. These are the transients for the instantaneous break cases. Cases
with longer break times show a similar fluctuating pattern, but with much
ls peaks. A comparison of the magnitudes of these peaks can be obtained
from Figs. 8.1.F4 and 8.1.F5.
8.1.1.1 Thermal Shield
As can be expected, the largest pressure differential in the case
of side rupture occurs across the thermal shield. The maximum differential
is at the first pulse at around 2 to 3 msec. (8 to 12 time steps) when the
break has been fully opened, exposing the point immediately at the break to
a very low, close to saturation pressure whereas the point on the other side
of the shield is still at its initial pressure. For the largest break
(16.48 ft2), the differential is 1130 psi. This value is very close to
the maximum value of some 1200 psi which is the difference between the
initial pressure and the saturated pressure.
Fig. 8.1.F I
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Beyond the first peak, the pressure differential curve assumes
a complex oscillatory pattern which is due principally to three reasons*,
a) The rarefaction waves have traveled to the opposite side of the thermal
shield, thus lowering the pressure there. b) Parts of the rarefaction waves
have reflected back from leg ends to the break, thus increasing the pressure
at the break (a reflected rarefaction wave is a compression wave). c) Com-
pression waves from higher pressurized parts of the leg have traveled towards
the break. b) and c) travel towards the break under the same form because
tthe WHAM formulation allows only two kinds of wave coming in opposite dir-
ection towards any point.
A complete loading cycle takes about 10 msec. or 40 time steps.
This is the duration of time needed for a wave to travel a round trip from
one side of the shield to the other. The corresponding frequency is of the
order of 100 cps.
8.1.1.2 Core Barrel
Fig. 8.1.F2 shows the pressure differential across the upper
portion of the barrel as a function of time. The differential is taken as
the pressure just at the cold leg nozzle minus the pressure on the other
side of the barrel, in the upper plenum. Thus. following a vessel side
break, the rarefaction waves reach the cold leg nozzles first, reducing
the pressure there. The pressure in the upper plenum remains at its initial
value (2236 psi) for quite a while, as one can inspect from Table 8.1.Tl and
Fig. 4.1.3.F3, it takes some 50 time steps (12.5 msec.) for the waves to
travel to the hot leg nozzles in the upper plenum. Due to this longer path
for the waves to travel, the oscillatory pressure differential curve has
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Table 8.1.T2
FREQUENCIES OF VIBRATION WITH RESPECT TO CORE
AND CORE BARREL FOR SOME VESSEL INTERNALS (1)
Internal Frequency (cps)
CMonent Blowdown Loading Seismic Loading
Upper Support System 300 25
Lower Support System
When in Contact with Core 105 .a.
When Core is Lifted 120 n.a.
Upper Flange 69 25
(1) Information is extracted from the spring-mass analysis summarized in
Ref. Cl, p. 14.3.3-8.
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a longer period, some 32 msec. The corresponding frequency of loading
is 32 cps.
In a similar manner as for the thermal shield, the first pulse
has the largest amplitude. The peak pressure differential is 560 psi,
860 psi, 1000 psi, and 1100 psi respectively for 1, 2, 3 and 4 pipe-sizes
breaks. Fig. 8.1.F4 shows that the peak value of the diffential levels
out as the break size increases, approaching of course to the maximum possible
value of 1149 psi which is the difference between the initial 2236 psi in
the upper plenum and the 1087 psi that exists at the break as the back
pressure.
8.1.1.3 Reactor Core
Fig. 8.1.F3 shows the pressure differential across the core. These
curves are somewhat more complex than the corresponding ones for the core
barrel and the thermal shield. The differential is taken as the pressure
just below the core minus the pressure just above the core. At steady state
normal operation. this is about 31.5 psi. Some 6 msec. after the rupture,
the first rarefaction wave reaches the core bottom, thus making the pres-
sure differential negative as indicated in the figure. The magnitudes of
the pulses are not as pronounced as in the case of the upper core barrel
because the magnitude of the rarefaction wave have been reduced through a
series of transmission, and bending. Furthermore, the pattern of the
curve indicates a series of reflection in the regime between the flow
plates and core bottom.
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8.1.1.4 Sensitivity of Break Size and Break Time
The above results are for break opening time of 0.25 msec., a
duration so short that it has been called instantaneous. Calculations have
also been performed for break opening t imes of 10 msec. and 100 msec.
Typically, the longer the break opening time, the smaller the pressure dif-
ferential across a certain component. This is due to the fact that the
train of rarefaction waves emanating from the break consists of waves with
magnitudes steadily increasing from 0 to a maximum value, whereas in the
Instantaneous break case, the train has rarefaction waves of the same
arimum magnitude throughout. Due also to the same reason, the largest
pressure differential does not necessarily take place at the first peak of
the oscillatory curve. A series of transmission, reflection of compression
and rarefaction waves of varying magnitudes would indeed result in a
oscillatory pressure differential curve with a maximum peak somewhere later
In the subcooled blowdown. In this work, the subcooled blowdown has been
limited to less than 100 msec. (less than 40 msec. in the case of 4
pipe-sizes break) when the pressure at any point in the network is observed
to fall below its normal saturation pressure.
Fig. 8.1.F4 shows the sensitivity of break areas and break
opening times on the maximum pressure differentials across the core and
the core barrel. Fig. 8.1.F5 shows the same sensitivity for the maximum
pressure differential across the thermal shield.
(214)
Fig. 8.1.F4
SIDE BREAK
MAXIMUM PRESSURE DIFFERENTIALS ACROSS
THERMAL SHIELD CORE AND CORE BARREL
Barrel
tb = 0.25 MS
Barrel
tb = 10 MS
/
/
/
/
/
/
/
I
l a
3
Core
tb = 0.2 5 MS
Core
tbO = 10 MS -
4
BREAK SIZE
(Multiples of Cold Leg Flow Area)
1, I
1000
z
U.
U.
U,
mlD
c.
500 t-
--0-
1 2I I 
I
II
loe
I
(215)
Fig. 8.1.F5
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The manufacturer (Cl) states that the critical buckling pressure
for the core barrel is 2990 psi assuming the upper core barrel is simply
supported and the stiffening effect of the fluid environment is neglected.
It is obvious that this value is much larger than any pressure differential
obtained from this study. The same reference has also cited that a quantita-
tive analysis has been done for the dynamic response of the barrel under
compressive pressure waves of 360 psi in magnitude, 25 msec. in pulse time.
The maximum resultant stress was found to be 11,844 psi, and the maximum
radial deflection was found to be plus or minus 25.6 mils. It is not a
part of this study to establish stress and deflection resulting from loadings
due to LOCA by vessel rupture.
8.1.2 Subcooled Force Loadings
The manner by which the force loadings are computed have been
described in Sections 4.1.2 and 4.1.3. In general, the forces acting on
the internal can be classified as the hydrostatic force which is always
perpendicular to the surfaces, the shear force due to friction and momentum
change which always acts parallel to the surface. The gravity force is
very small and has been neglected.
Due to the one to-one relationship between the pressure, velocity
and force at any point in the system, the force loading should have the same
time behavior as the pressure differentials. Table 8.1.T3 shows the max-
imum force loadings across the core for the first two pressure differential
peaks which take place at about 8 msec. and 14 msec. Only the hydrostatic
force and the inertial force have been included. The forces due to gravity,
friction, and momentum fluxes are quite negligible compared to the above
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Table 8.1.T3
ESSEL SIDE BREAK
MAXIMUM FORCE LOADINGS ACROSS THE CORE*
Inertial Force
(1000 kips)Cases
Hydrostatic Force
(1000 kips)
Total
(1000 kips)
At 8 Usec peak
Break Size AM 1.794 -2.321
Aw2 1.881 -3.428
Aw3 2.196 -3.889
A-4 2.243 4.089
At 14 msec eak
Break Size 4*1 0.912 -1.645
A=2 1.778 -3.419
A=3 2.374 4.554
A=4 2.761 -5.221
*Forces due to, momentum fluxes, friction and gravity have been neglected
Cross section of the core is taken as the area inside the baffle, or 96
ft . Positive direction of the forces is upwards.
-0.527
-1.547
-1.693
-1.846
-0.734
-1.641
-2.180
-2.461
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two forces. It is seen that, the hydrostatic force is acting downwards
as the result of the higher pressure in the upper plenum at these instants.
The Inertial forces act in the opposite direction. This is due to the fact
that the normal fluid velocity is acting upwards, and the transient causes
it to slow down. The slowing down of the fluid creates a reactive force
on the flow channel wall with an upward direction. Hence, the effect of the
pressure differential is cancelled somewhat by the acceleration or deceleration
of the fluid. The net forces are in the direction of the hydrostatic force.
Force loadings for the core barrel and the thermal shield have not
been evaluated. This is due to two complicating factors:
a) The pressure differentials across these components are differ-
eat at different elevations.
b) The inertial forces act in a direction perpendicular to the
hydrostatic force. Furthermore, different inertial forces act on the two
sides of these components.
The present study does not include a detailed analyses of these
loadings.
8.2 Two-Phase Blowdown
Similar to the cases of top and bottom vessel rupture, the princi-
pal phenomena of the two-phase blowdown have been studied within the capability
of the RELAP-3 Mod 36 Computer Code.
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The main assumptions and initial conditions are the same as in the
case of the bottom break and have been described elsewhere in this study.
The break elevation is taken as that of the core center. Four sizes f or
the break have been considered, with the cold leg flow area taken as unit
break size. Thus, the break sizes are 1, 2, 3, and 4 times the size of
2 2 2the cold leg flow area, corresponding to 4.12 ft 8.24 ft , 12.36 ft
2
and 16.48 ft , respectively.
Most of the runs are based on a break time of 0,1 second, although
a few cases have been studied with a break time of 0. 01 second. The choice
of a 0.1 second break time is conservative on two counts. First, it retards
the reactor scram by slower void formation, thus allowing fission to take
place over a longer time after break initiation. Second, it retards the flow
reversal process, resulting in a longer flow stagnation. A large break
time would be unconservative as far as subcooled loadings are concerned,
but these have been studied separately in Section 8.1 with break times as
saall as 0.00025 second
The principal phenomena followed are the normalized core power
history, the flow reversal, the pressure history in the upper and lower
plena, the mass loss rate, the ECC injection rate, the core flow and
beat transfer coefficient, and the clad surface temperature in the central
core region. All values are averaged values computed by following the
processes in very small tire steps.
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8.2.1 Normalized Power History
Fig. 8.2.F1 shows the normalized power histories for the four
break sizes (1, 2, 3 and 4) and the history for the LOCA by cold pipe break
put forth for essentially the same plant by the manufacturer (Cl).
Void formation has been solely responsible for reactor scram.
Doppler coefficient has been used but its effect is essentially nil because
the temperature of the fuel does not change for the short span of time at
the begining of blowdown. No power excursion is deemed possible, hence this
mechanism has not been considered. No safety rod action has come into play
because any motion of the rod has been conservatively delayed for 30 seconds,
an assumption with the same significance as no safety rod insertion at all.
The magnitude of the void reactivity are -0.0079, -0.0328, -0.0149 dollar per
1Z void respectively for the upper one third, central one third, and lower
one third of the core. These values are conservatively small compared to
the ranges found in the kinetic characteristics of the same plant (Appendix A)
and the values set forth by an independent study by Elbaum (E2) on this kind
of accident. A sensitivity study has been done for this void reactivity
coefficient and is reported in Chapter 9.
All curves except the DE curve 'in Fig. 8.2.Fl have been based on a
break time of 0.1 second as previously mentioned. The effect of a shorter break
time, namely 0.01 second, is also repcrted in Chapter 9. The DE curve is the
manufacturer supplied curve for essentially the same plant but for the case of
LOCA by a double ended break in one of the four cold legs. It was obtained
with the use of the CHIC-KIN point kinetic com-3uter code (Cl, R4), taking
Fig. 8.2.F1
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Into account of void formation reactor scram by pressure signals and
other reactivity coefficients.
Reactor scram should be slower for the case of pipe break than
for the case of vessel break with the same break area. This is because of
a faster depressurization, and therefore, a faster void formation in the
core region. However, it is apparent from Fig. 8.2.Fl that the DE curve
decays faster than curve 2. This is due to the fact that a slower break
time has been used in the vessel break postulate, and that all other negative
reactivity coefficients have been neglected. Both of these assumptions
are conservative, particularly beyond 0.1 second when there is still sub-
stantial fission power for the vessel rupture cases under study.
A comparison with Fig. 7.2 .Fl (Bottom break) indicates that there
Is more power generated in the side break cases than in the corresponding
cases of the bottom break. This should be of no surprise because a break
in the bottom should depressurize the coolant in the core a little faster.
Furthermore, the normalized power curves in the side break case are more
crowded together, indicating a smaller difference in void formation than in
the case of bottom break. This fact is a result of the flow rates and mass
loss which are fast in reaching an asymptotic configuration due to flow
choking. Further discussion of this phenomenon will be found in the following
sections.
(223)
8.2.2 Flow Reversal
Fig. 8.2.F2 shows the flow reversal for the four side break cases
under consideration. It is noted that the time scale of the figure is in
milliseconds. Normal flow rate through the core is of the order of 37,000
lbs/sec. Onset of the break is at 5 msec., a value set for break actuation
by the computer.
As the break at the side opens up linearly with time, the flow
through the core is slowed down due to a great pressure differential between
the upper plenum and the lower plenum. The slowing down of the flow takes
place very fast. Stagnation (zero flow) is reached around 56 msec., (51 msec.
after the break) for the one pipe size break. For larger breaks, stagnation
happens around 20 msec. Since the full break size is not reached until 105
usec. (break time is 0.1 sec.), it is seen that flow reversal takes place
quite early in the blowdown.
At the time of stagnation, the pressure differential across the
core is of the order of 200 to 400 psi. The fluid in the system is still
substantially subcooled.
(224)
Fig.8.2.F2
SIDE BREAK: FLOW REVERSAL AT CORE CENTER
4
3 -
22
0
0
-3
-4
0.01 0.02 0,03 0U4 0.05 0.06
TIME (SEC)
(225)
It has been reported (C5) that for the case of LOCA by cold leg
break, flow reversal may swing back and forth a few times due to liquid
flashing in the upper and lower plena. Thus, soon after the cold leg
break, the flow through the core reverses from the normal, positive direction
to the negative direction due to the negative pressure differential. Fluid
in the upper plenum may flash at this moment and contributes further to
the reversed flow. Then, the fluid in the core volume would flash,
pushing coolant out at both ends of the core. Shortly after, the fluid
in the lower plenum would flash, driving the coolant up the core, thus
causing another reversal. Finally, due to the influence of the break,
the pressure in the lower plenum drops faster than the pressure in the
upper plenum, creating another flow reversal.
For the cases of vessel side break considered, however, no such
repeated reversals are observed. This certainly would be due to the fact
that flashing in the core and the lower plenum is of no competition to the
drop in the lower plenum pressure caused by the rapid blowdown. Later on,
when blowdown is completed, there may develop situations whereby the cool-
ant may get to the core, be heated up to a relatively high temperature and
pressure, and subsequently is pushed out-towards both core ends. Flow
starvation, reversal and stagnation in this period are the chief causes for
a steep clad temperature transient that will be discussed in Section 8.2.7.
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It is also worth noting that during the short duration of flow
reversal, the clad temperature rises somewhat. When stagnation point has
passed and the reversed flow increases in magnitude, the temperature of the
clad drops again and keeps on dropping until close to EOB. There is some
exception to this general pattern as will be later discussed in Section 8.2.7.
8.2.3 Rate of Blowdown
Fig. 8.2.F3 shows the blowdown flow rates at the break. Fig. 8.2.F4
shows the mass loss history for the entire primary system. Table 8.2.Tl lists
the duration of flow choking in some critical flow paths and Table 8.2.T2
lists some EOB time values for the side break cases considered.
The effect of flow choking displays itself dramatically in the
vessel side break of large sizes. Starting from no leak at the onset of the
break, the flow through the break is first subcooled, but then quickly
becomes two-phase with choking because there is a great pressure differential
across the break. The buildup in blowdown flow rates as seen in Fig. 8.2.F3
between 0.01 sec. and 0.1 sec. is mainly due to the fact that the break area
still grows linearly in size. For large breaks, a maximum blowdown rate is
reached even before the break size has reached a preset maximum. Thereafter,
the rate tapers off while still being choked because of the decrease in the
driving pressure in the primary system. The larger the break, the sooner the
choking disappears due to a faster drop in system pressure.
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Table 8.2.T1
SIDE BREAK
FLOW CHOKING IN SOME FLOW PATHS
Break Size
(fltiples of Cold
Low Area)
J20*
Duration of Choking (Sec)
J12.
0.005 - 10.63
0.005 3.5
0.005 - 2.5
0.005 - 1.8
No
0.3 - 2.0
0.1 3.0
0.08 - 3.5
No
NO
0.2 2.5
0.08 Z. 5
hIe flow path indexes correspond to Fig. 5.3.Fl, namely J20 is the break,
J12 is the flow path between the lower plenum and the annulus between the
tbermal shield and the vessel wall, and JI0 is the flow path between the
cold leg nozzle region and the same annulus.
JiG
1
2
3
4
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Table 8.2.T2
SIDE BREAK
START OF EMERGENCY CORE COOLING INJECTION
(SECCI) AND END OF BLOWDOWN (EOB)
Break Size,
(Multiple of Cold Leg Flow Area
SECCI
(Sec)
5.76
1.78
1.59
BOB
(See)
12.35
7.09
2.59 - 7.84
1.85 - 7.85
1
2
3
4 1.58
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The dramatic asymptotic pattern of the blowdown flow rates for
Curves 2, 3 and 4 between 0.1 and 3 seconds is due to flow choking at the
break and elsewhere in the system. Indeed, the flow area at both ends of
the annulus between the thermal shield and the vessel wall is only 16.54
2
ft , the area equivalent to 4 times the cold leg flow area. Table 8.2.T1
Indicates that soon after the break, the flow in these flow paths becomes
choked. In fact, flow choking in these flow paths can last longer than at
the break for large break sizes because they have a higher resistance and
are at the immediate outlet of high pressure regions which have flashing
coolant, namely the vessel and the cold legs. The limiting flow rates as
seen in Fig. 8.2.F3 are the reason for the asymptotic configuration in the
system mass loss history, system pressure and other parameters that are seen
In Figs. 8.2.F4, 8.2.F5 and 8.2.F6.
Table 8.2.T2 lists some values for the start of emergency core
cooling injection from the accumulators and some values for end of blowdown.
The ECC water from the accumulator starts to inject into the cold legs when
the pressure there drops below 660 psi. Credit has been given to this
water as it is, however, it would take some time for this injection rate
to build up to a significant value, as can be seen in Fig. 8.2.F7.
End of blowdown (EOB) happens at 12.35 seconds for Case 1, 7.09
seconds for Case 2. EOB has been defined as the first instant when the
flow out the break effectively stops. This definition is not rigorous for
large break sizes, however, because -the flow in such situations fluctuates
violently and otherwise is controlled by restrictions in various locations
in the system. Thus, the first zero flow rate at the break happens at
2.59 seconds for Case 3 and 1.85 seconds for Case 4. But the primary
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system still ccotains significant amounts of coolant as can be seen in
7ig. 8.2.F4. So what happens is a fluctuating flow pattern after the
first stagnation at the break. As can be seen in Table 8.2.T2, EOB is
not effectively reached until 7.85 seconds for Cases 3 and 4, a value quite
similar to EOB for Case 2.
8.2.4 Pressure Histories in the Upper and Lower Plena
Tbe pressure histories in the upper and lower vessel plea are
Important in the determination of coolant flow rates through the core, hence
its heat removal characteristics.
Fig. 8.2.F5 and 8.2.F6 show the pressure histories in the upper
plenum and lower plenum for the side break cases considered. As usual,
indexes 1, 2, 3 and 4 designate the break size in the multiples of cold leg
flow area. The curve marked DE is the pressure history, presumably for
the core, presented by the manufacturer for essentially the same 2758 MWth
plant undergoing a LOCA by double-ended break in one cold leg. Simple marks
on the curves represent start of emergency core cooling in the cold legs, and
crosses represent the end of blowdown
The curves indicate that for all cases the pressure in the upper
and lower plena drop faster than is possible when the pipe breaks. This is
only to be expected. When the break is at the vessel, fluid in the upper and
lower plena canr Iowdow'yn with very little resistance.
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Fig. 8.2.F6
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It is noted that the crowding of pressure history curves is
apparent for cases of top and bottcm breaks but nowhere does it manifest
itself so strongly as the present side break cases. The cause of this crow-
ding has been previously explained as the result of flow choking at the outer
downcomer annulus, allowing only a limited rate of blowdown.
8.2.5 ECC Water Injection into Cold Legs and Coolant Mass Remaining
in Lower Plenum
Fig. 8.2.F7 is a composite graph showing the history of pressure
and mass in the cold legs, the ECC water injection rate from the accumulators
and the pressure history of the accumulators. The graph is plotted for the
case of break size 4 times as large as a cold leg flow area. Other break
size cases have similar pressure, mass and injection behavior.
Fig. 8.2.F8 shows the coolant mass remained in the lower plenum of
the pressure vessel for all four cases of break size.
The pressure in the cold legs drops in much the same manner as
other parts of the system, namely a steep subcooled pressure drop, then a
short time at saturation, a less steep drop for the remaining bloqdown time,
and finally a slower drop as ECC water is slowly building up. At around
660 psi, the ECC water starts to inject, building its velocity from zero
to some 2800 lb/sec. in about 2 seconds, then slowly dropping due to the
decrease in driving force (pressure differential between the accumulators and
the cold legs). The friction in the ECC lines is quite a determinant in the
maximum injection rate as will be seen in Chapter 9. The above quoted value
of 2800 lb/sec. corresponds to a friction coefficient of 0.004.
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thi history of the mass in the cold legs is most indicative of
the behavior and effectiveness of the on-line ECC water tanks. It drops
fram a steady state value of 1.72 x 104 lbs to a low of some 55 lbs in four
secans after the break. The cold legs at that time is practically devoid
of coolant except for the steam at approximately 150 psi. The ECC water has
ctually been injected 2 seconds earlier, having discharged some 5600 lbs of
00*7 water. The fact that the total cold leg mass continues to drop
between 2 seonds and 4 seconds indicate that some of the injected water did
gat carried over to the annuli and out the break. Only when the rate of
injection has reached a maximum, the pressure of the cold legs has dropped
to a value equivalent to or smaller than that of the annuli. then the
outflow from the cold legs would effectively stop. The injected ECC water
fro then on stays in the cold legs to build up the cold leg coolant mass to
a value of some 2.06 x 104 lbs at 12 seconds. When the legs have been filled,
flow to the annuli again commences with a very high rate equal to or slighly
higher than the ECC injection rate at that time.
That the ECC water stays in the cold legs has been explained
(A3) more because of the shortcoming of the RELAP3 Code than because of the
physical reality. In a physical system, one should expect some carryover
due to entrainment, gravity, and the initial ECC velocity. RELAP3 assumes
instantaneous thermodynamic equilibrium- in any volume of the model. Since
the injected ECC water is cold (100*F) this has the effect of
dropping the pressure quickly, reversing the flows. and therefore accumulating
coolant in that volume. ECC water is, as a consequence, delayed in reaching
the next contiguous volume. When the volume to which the ECC water injects
is far from the core the chaining of delays can cause considerable retardation
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of the water to reach the core. The core temperature transient must, there-
fore, be more severe than for the case with allowance for continual entrain-
sent of ECC water.
The coolant mass remaining in the lower plenum as shown in Fig. 8.2.F8
U less for a break larger in size. During blowdown, the rate of mass loss
U rapid, but quickly reaches a limiting value as can be judged by the
closeness of curves 2, 3 and 4 between 0 and 5 seconds. This, of course,
is due to the choking flow in the outer annulus as previously discussed.
baen EOB occurs, the mass in the lower plenum is still at a respectable value,
ame 8000 lbs. or 15% that of the initial inventory. This mass continues to
drop, but at a slower rate, due to the flashing of steam for flow to other
volus - Some 10 seconds after EOB, ECC water starts flowing in from the
annmli, and the mass in the lower plenum starts to build up even through the
pressure there continues to drop. At 25 seconds, the lower plenum is still
far from being filled for the cases under investigation.
8.2.6 Heat Transfer Coefficient (1rTC) and Coolant Flow Rate at Core
?id Plane
Figs. 8.2.F9 and 8.2.F10 show the average flow, heat transfer
coefficient and clad surface temperature for the vessel side break with
break area in the multiple of 1 and 2 cold leg flow area, respectively.
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Fig. 8.2.F10
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e flow rate has been obtained by taking the average of the flow
ats at the two ends of the central core region (the middle one third of
the core, or V14 in Fig. 5.3.Fl). The temperature curves in these graphs
how been somewhat flattened due to the nature of the semi-log plot, but
bedr simul taneous showing with the flow and heat transfer coefficient curves
In iportant in understanding their behavior. A clearer, linear-linear plot
of the temperatures is presented in Fig. 8 2.F1l
At steady state, the flow through the core is some 3.71 x 104 lbs/
sc. In the upwrds direction. Upon rupture, loss of mass drops the pressure
of the system very fast, reverses the pressure differential, and therefore
iaves the flow. Flow reversal has been seen in Fig. 8.2.F2 but cannot be
seen here. But very shortly after flow reversal (less than 60 msec.), the
coolant flow rate is downwards and is very large. Typical values are about
1W5 lbs/sec or some 3 times the steady state flow rate. This large flow
rate decays quickly, however, as the system blows down and drops in pressure.
Aromd 10 seconds, when EOB has been effectively reached, the flow through
the core is mainly due to steam flashing from the lower plenum or some
leftover coolant from other parts of the primary system. This flow rate is
very small, some 10 lbs/sec (for a 47.9 ft 2 flow area of the core). It is
also fluctuating in direction. For all practical purposes, the core can be
considered as depleted of coolant in this period.
The heat transfer coefficient (ETC) for the central core region
and the average clad surface temperature are the direct results of the core
flow rates. Thus, at steady state, the average HTC for all cases is around
6200 Btu/hr ft2 for the central core region, (raximm hot spot HTC can be as
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high as 125,000 Btu/hr ft 2 ), just enough - .. Adily transfer some 45% of
total core power through a heat transfer area of 17,200 ft 2 . Between onset
of the side rupture and flow reversal, the HTC drops due to decrease in
mass velocity, but then quickly increases again and stays at a very high
value for the major portion of the blowdown. This increased RTC due to
increased mass velocity is working in combination with the already effective~
reactor scram to drop the clad temperature. A very steep drop in HTC sub-
sequently follows, at around 4 seconds, in direct correspondence to the
steep drop in mass velocity as EOB is drawing near. This causes the clad
surface temperature to turn around and climb steeply. Maximum clad
surface temrature is reached when the flow through the core is practically
stagnant (between 10 and 20 seconds). Afterwards, the ECC water slowly
becomes effective in dropping the temperature of the clad.
The foregoing discussion applies particularly to the cases of two-
and three-pipe-sizes breaks. There is an anomaly in the other two cases which
will be indicated in the section that follows.
8.2.7 Average Clad Surface Temperature in the Central Core Region
Fig. 8.2.FI1 shows the transients of the average clad surface temp-
erature for the vessel side break cases considered. The average clad surface
temperature has been computed on the basis of one dimensional heat transfer
from cylindrical rods with outside boundary values determined by blowdown
conditions.
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SIDE BREAK
AVERAGE CLAD SURFACE TEMPERATURE IN MIDDLE REGION
10 20
TIME (SEC)
(245)
As discussed in the previous section and in Chapter 7, the clad
surface temperature should follow a pattern consistent with the core mass
velocity and heat transfer coefficient. This pattern consists of a slight
(unnoticeable in the linear scale of the graphs shown) increase as the normal
flow slows down to reverse, then decreases steadily as the reversed flow
occurs and grows in magnitude. Close to EOB, when the mass velocity and
consequently the heat transfer coefficient drops drastically, the temperature
would rise sharply as the result of film boiling. The maximum would take
place when the steam flow through the core is practically stagnant (between
10 and 20 seconds) and before ECC water becomes effective.
Curves 1 and 4 of Fig. 8.2.F1, however, do not strictly comply to
this pattern. They feature a rise in clad surface temperature in the first
second even though the core flow in this period is larger than the steady state
value. The initial rise then reaches a peak, turns around, decreases slightly
until close to EOB, then turns upwards again like curves 2 and 3 when the
quiescent, stable film boiling period is in effect.
Curve 1 of Fig. 8.2.FlI is similar to curve 1 of Fig. 7.2.F 15 (1-
pipe-size break at bottom). Curve 4 is similar to curves 3 and 4 also of
Fig. 7.2.F 15. An explanation for this peculiar rise in the clad surface
temperature can be tentatively reached in the following manner: The RELAP3
code uses 7 regimes of heat transfer and 5 regimes of critical heat flux.
The correct heat transfer regime is determined by the coolant quality and
by the comparison of the surface heat flux to the computed DNB flux. The
DNB flux, in turn, is determined by system pressure and coolant properties at
their pressure. All CHF correlations emloyed in the RELAP 3 are a function
of the mass velocity, and goes to zero when the mass valocity is zero, Thus,
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at flow reversal, the ratio of the surface heat flux to the computed CHF
can go to a very high value, prompting the use of stable film boiling for
that transfer. RELAP 3 seems to allow the heat transfer to get into this
regine at flow reversal, but does not allow for a simple exit from it.
Thus, the temperature of the clad keeps on rising until the temperature
difference between it and the coolant can handle the already lowered heat
Seneration, and the fuel heat redistribution.
In reality, however, it appears that very soon after flow reversal,
nucleate boiling or good two-phase heat transfer must be restored thanks to
the increased mass velocity. Therefore, as in the case of bottom break,
curves 1 and 4 of Fig. 8.2.Fll may not be indicative of the actual average
clad surface temperature. They represent a very conservative transient.
8.3 Conclusions
The vessel side break accident is similar to the bottom break
case in the subcooled blowdown, two-phase blowdown and their effects. The
small differences include a slower reactor scram, a slower blowdown rate,
a higher loading on the core barrel and thermal shield and the accentuated
asymptotic behavior of many parameters when the break size increases.
The most pronounced behavior of the blowdown observed is the flow
choking for a substantial duration of the blowdown not only at the break, but
also at both ends of the downcomer. *This series of limiting leak flow has
the effect of tempering the system mass loss rates, core flow rates, pressure
histories in the various nodes, and clad surface temperature transients. The
result is an asymptotic configuration for the time behavior of those quantities
as the break increases in size.
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Towards the end of blowdown, the flow at the break fluctuates sig-
anficantly. This is due to the small size of the downcomer volume as compared
to the upper or lower plena. EOB, therefore, can no longer be taken as the
time when break flow first becomes zero, but rather, must be taken as the
time when the flow, has gone down to a steady insignificant value, say 100
lbe/sec. When this definition is used, EOB is around 7-8 seconds for all
break sizes larger than two times the cold leg flow area.
Similar to the cases of bottom break, the average clad surface
temperature would suffer a transient with the following pattern: It would
increase slightly around flow reversal (less than 60 msec.), then steadily
decrease for a substantial duration of the blowdown, then turns around to
clim steeply when the system has practically lost all its coolant, and
finally level out and turn downwards when ECC water becomes increasingly
effective. This pattern has a fast reaching asymptotic configuration when
the break size is equal to or larger than twice the cold leg flow area.
The maximum of this asymptotic configuration is around 1400*F at
16 - 18 seconds.
That a certain break size produces a clad surface temperature
transient which departs from the above pattern is attributed to the possibility
that RELAP3 does not have allowance for heat transfer and CHF correlations
for flow reversal, and that its programming logic locks the heat transfer
to the stable film boiling regime once the regime is entered. The resulting
transient is such that the temperature climb initially to a high value for
about 2 seconds, levels out or curving down slightly, then climbs again when
EQB is approached. The maximum of the average clad surface temperature is
about 1480*F for the case of 4-pipe-sizes break.
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The coolant remaining in the lower plenum at EOB represents some
102 of the total initial inventory in that volume but continues to drop
&lowly due to steam flow out the break. ECC water is injected quite early
in the blowdown, but due to the technique of nodalization and the assumption
of thermodynamic equilibrium, the ECC effect is not seen until approximately
17-22 seconds when the water mass in the lower plenum starts to build up.
The clad surface temperature has then reached a maximum and starts to curve
down. ECC maximum injection rate is some 2800 lbs/sec and continues at a
slightly smaller rate beyond 40 seconds. The present analyses are sometimes
carried to 40 seconds, but mostly only to 25 seconds.
The subcooled blowdown loadings are larger for the thermal shield
and the core barrel than in the case of bottom break. The larger the side
break the larger the loadings, but the maximum loadings would level out to
the peak value which is the difference between the subcooled pressure and the
saturation pressure of the coolant.
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9. SENSITIVITY STUDIES
Eeside the physical laws and analytical techniques such as those
described in Chapters 4 and 5, a great many parameters must be chosen to
properly define the postulated accident before any computation can be made.
It is necessary, therefore. to study the sensitivity of these parameters to
the principal blowdown processes and effects under investigation.
Most of the computations achieved in Chapters 6, 7 and 8 have
been made with a set of "base case" parameters. The plant is assumed to be
at 100% normal power operation. Coolant pressure, temperature, and flow
rates are those of plant design at the indicated power. The core is assumed
to have accumulated the maximum quantity possible of fission products. Chem-
ical shim reactivity coefficient is credited in such a manner that the effec-
tive reactivity of the reactor is zero at steady state operation. The nor-
mal location of the accumulator injection nozzles is at the cold legs, and
that of the other diesel-driven ECC lines are at both the hot legs and the
cold legs. The maximum ECC injection rate for the base cases is some 2800
lbs/sec.
Other parameters employed in the base case computations are as
follows. Void negative reactivity coefficients are -0.0079, -0.0328,
-0.0149 $/% void respectively for the upper, middle and lower core regions.
The fuel-clad gas gap conductivity is one half the temperature dependent con-
ductivity of helium. The phase separation model for large-volume, low-flow-
velocity regions has a bubble population gradient of 0.8 and a bubble rise
velocity of 3 ft/sec.
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In the sensitivity studies, the effects of break location, break
size and break time are pulled together from Chapters 6, 7 and 8. The loca-
tion of the accumulator ECC water injection is subsequently shifted to the
bet legs or the vessel upper plenum to see whether the ECC water is more
effective for the cases of bottom and side breaks. The same test is made
by increasing the ECC injection rate in the cold legs approximately a
factor of 2. The gas gap conductivity effect on the clad surface temperature
transient is studied by keeping all base case parameters but varying the
gas gap conductivity from 1 to 1/8 the temperature-dependent conductivity
of helium. Further sensitivity studies include a change in the void
negative reactivity coefficient by a factor of 1 to 4, and a change in the
phase separation model to a more homogeneous gradient of 0.5.
Table 9.Tl lists the spectrum of sensitivity studies.
9.1 Break Location
Table 9.l.TI lists the values of principal parameters for the top,
bottom and side break with the break size twice as large as the leg flow
area. For the subcooled depressurization, the 'instantaneous" break case
is considered, that is, the break time is 0.25 msec. For the two-phase blow-
down, the break time is 0.1 second.
When the break is at the top or the bottom, there is no pressure
loading across the thermal shield because pressure waves move up or down
the annuli at the same time and speed. But when a side break occurs, the
greatest differential is across the shield. Greater pressure loadings on
the core and across the core barrels are also seea for the case of the side
break than in the other two locations.
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TABLE 9.T1
SPECTRUM OF SENSITIVITY STUDIES
1.
2.
Break Locations:
Break Sizes:
3. Break Time:
4. ECC Injection
Location:
5. ECC Injection
Rate:
6. Void Reactivity
Coefficient:
7. Gas Gap
Conductivity:
8. Phase Separation:
Top, Bottom or Side of Vessel.
Top Break: 1, 2, 3 and 4 times the size
of hot leg flow area.
Bottom and Side Breaks: 1, 2, 3 and 4
times the size of cold leg flow area.
Subcooled Blowdown: 0.25, 10 and 100
milliseconds.
Two-Phase Blowdown: 10 and 100 milli-
seconds.
Cold legs, Hot legs, and Upper Plenum.
2800 lbs/sec. and 5200 lbs/sec. at max-
imum.
-0.0079, -0.0328, and -0.0149 S/% void
respectively for lower, middle, and
upper core region.
2 and 4 times the above values were
used for sensitivity studies.
1/2, 1/4 and 1/8 the temperature dependent
conductivity of helium.
Gradient 0.8, bubble rise 3 ft/sec.
Gradient 0.5, bubble rise 3 ft/sec.
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Taking into account of the fact that a break in the upper plenum
2involves larger unit break size (the hot leg flow area is 4.587 ft while
that of the cold leg is 4.12 ft 2) but higher enthalpy coolant, there is no
great difference between the top and bottom break of the same unit break
size under investigation. The ECC water starts to be injected at about 1.6
seconds when the pressure in the cold legs has fallen below 660 psi. End-of-
blowdown is between 7 and 8 seconds. Flow choking is seen at the break and
at the pressurizer surge line. Scram to 30% of core power takes place at 0.26
seconds for the bottom break and 0.32 seconds for the top break.
A side break is generally similar to the bottom break, with the
blowdown processes being slightly slower due to possible flow choking at the
downcomer annuli. Thus, for the case of two-pipe-sizes break, SECCI is 1.775
seconds for a side location, 1.655 seconds for a bottom location, flow rever-
sal is 22 msec. for a side location, 18 msec. for a bottom location, and
scram to 30% of core power is at 0.30 sec. for a side location, 0.26 sec. for
a bottom location.
The minimum coolant mass in the lower plenum is to a large extent
dependent on the phase separation model and the resistance of the flow path
through which the coolant from the lower plenum flows towards the break. For
the case of the bottom break, it depends further on whether the break is at
the lowermost point of the vessel bottom head or at a point higher. Thus,
it strikes as a rather abnormal phenomenon that the minimum coolant remaining
in the lower plenum should be more for a bottom break than for a side break,
7000 lbs versus 4000 lbs. In this case, the location of the bottom break is
at the highest point of the lower plenum. A tentative explanation for this
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TABLE 9.1.T1
EFFECTS OF VESSEL BREAK LOCATION
(CASE OF 2-PIPE-SIZES BREAKS)*
Items
Subcooled Ap max, psi
Core
Care Barrel
Thermal Shield
Top
Break
380
460
0
Bottom
Break
370
350
0
Two-Phase
SECCI, sec.
EOB, sec.
Flow Reversal, msec.
Scram to 30% of power, sec.
Flow choking location**
1.58
6.40 -8.60
none
0.32
J20
J2
Minimum Mass Remaining
in Lower Plenum
Lbs.
% of Initial
8000
15.6
Peak of Average Clad
Surface Temperature in
Middle Core Region
1310
** Refer to Chapter 5 for abbreviation.
Side
Break
250
860
960
1.655
7.25
18
0.26
J20
J2
8.28
1.775
7.09 -
22
0.30
J20
J12
J2
7000
13.6
4000
7.8
1180 1390
* Top break is twice the hot leg flow area, or 9.174 ft2
Bottom and side-breaks are twice the cold leg flow area,
or 8.24 ft2 .
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TABLE 9.1.T2
EFFECT OF VESSEL BREAK LOCATION
ON THE PEAK OF THE AVERAGE CLAD SURFACE TEMPERATURE
Temperature (*F)
Break
Size*
Top
Break
1
2
3
4
960
1310
1320
1320
Bottom
Break
1240
1180
1450
1450
Side
Break
1290
1390
1400
1480
*Top break size is in multiples of hot leg flow
area (4.587 ft2). Bottom and side breaks are
in multiples of cold leg flow area (4.12 ft2 ).
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fact is as follows: For the bottom break case, the phase separation model is
effective in keeping any water at the bottom and allows only steam to flow
out the break at the quiescent stage of the blowdown (which is beyond
EOB). On the other hand, should the break be at the side. not only all the
carried-over coolant (including ECC water) from the cold legs is lost out
the break, but also more mass is lost from the lower plenum due to the lin-
gering high pressure there with respect to the downcomer. In other words,
both the phase separation model and the ECC water are responsible for the phe-
nomenon described above.
If the bottom break occurs at the lowermost point of the lower
plenum, then there is practically no coolant left in this region, as is
pointed out in Section 7. Two additional factors are responsible for this
case: The flow out the break involves lower quality mixture instead of
vapor and the gravity provides an additional driving force for leak flow.
The peak of the average clad surface temperature in the middle
core region is higher for the top and side breaks than for the bottom break
for the break of two leg flow area. This pattern is not true for other break
sizes, such as indicated by Table 9.1.T.. Inspection of this table leads
to the conclusion that for large break sizes, the maximum clad surface
temperature reaches a somewhat asymptotic value. This value is about the
same for the bottom and side break location, and is smaller for the top break
location. For smaller break sizes, no similar conclusion can be drawn.
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9.2 Break Size
Chapters 6, 7 and 8 have described the effects of break sizes
which are dramatic in that most quantities of interest seem to reach an
asymptotic value as the break size increases.
Tables 9.2.Tl, 9.2.T2 and 9.2.T3 recapitulate these quantities for
the top break, bottom break and side break.
Subcooled pressure loadings tend to reach an asymptotic value as
the break size increases. This value is the difference between the subcooled
pressure and the saturation pressure of the coolant at the location of the
break. Thus, when the break is at the bottom or side, the subcooled pressure
is 2280 psi, the saturation pressure is 1087 psi, and the asymptotic value
is some 1200 psi. When the break is at the top, the subcooled pressure is
2236 psi, the saturation pressure is 1500 psi, and the asymptotic value is
some 740 psi. Obviously, the top break involves lesser subcooled loadings
on vessel internals than the bottom or side break.
It is obvious that a larger break leads to a faster reactor scram,
a faster drop in system pressure, a faster initiation of ECC injection and,
in the case of bottom and side break, a faster flow reversal. But it is
not obvious that a larger break does not necessarily lead to a shorter EOB,
or in other words, a faster loss of the cooling effectiveness of the primary
coolant. Flow choking is the key to this latter observation. For the top
break, flow choking occurs at the break, at the pressurizer surge line, and
as the break size becomes larger, at the hot legs and the core, For the
bottom break, flow choking occurs at the break, the pressurizer surge line,
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TABLE 9.2.Tl
TOP BREAKM
EFFECTS OF BREAK SIZE
Multiple of Hot Leg Flow Area*
Items 1 2 3 4
Subcooled, tb 0.00025 sec.
&p max, psi
Core 230 380 520 620
Core Barrel 300 460 620 720
Thermal Shield 0 0 0 0
Two-Phase, tb = 0.01 sec.
Scram to 30% power, sec. 1.3 0.28 0.13 0.095
SECI, Sec. 4.68 1.54 1.34 1.30
EOB, Sec. (2) 12.8 6.4-8.6 4.58-8.3 3.96-8.2
Flow Choking Location** J20 J20 J20 J20
JI Ji Ji
J2 J3 J17
J2 J2
Ninznm Mass Remaining
In Lower Plenum
Lbs. 8200 7800 8000 8500
Z of Initial Mass 16.0 15.2 15.6 16.5
Peak Average Clad
Surface Temperature
In Middle Core Region
*F 960 1310 1320 1320
* Hot leg flow area is 4.587 ft2.
** Refer to Chapter 5 for abbreviation.
(1) Note that the top break unit size is slightly larger than
the bottom and side break unit size, and that the break
time is 0.01 sec.
(2) Where there are two numbers for a case, the first number
is the time when the flow out the break first becomes
zero, and the second number is the time after which break
flow rate no longer exists.
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TABLE 9.2.T2
BOTTOM BREAK
EFFECTS OF BREAK SIZE
Multiples of Cold Leg Flow Area*
Item
Subcooled, t = 0.00025 sec.
Ap max, ps
Core
Core Barrel
Thermal Shield
Two-Phase, tb = 0.1 sec.
Flow Reversal Time, msec.
Scram to 30% power, sec.
SECCI, Sec.
EOB, Sec.
Flow Choking Location**
Minimum Mass Remaining
In Lower Plenum
Lbs.
Z of Initial Mass
Peak of Average Clad
Surface Temperature In
Middle Core Region
OF
1
180
210
0
56
0.5
5.73
12.2
J20
8000
15.6
1240
* Cold leg flow area is 4.12 ft2
** Refer to Chapter 5 for abbreviation.
3 4
530
450
0
670
530
0
2_
370
350
0
18.5
0.26
1.655
7.25
J20
J2
7000
13.6
1180
14
0.19
1.13
7.04
J20
Jl
J12
J8
J2
9800
19.1
1450
12.5
0.16
1.075
6.53
J20
J1
J12
J8
J2
11000
21.4
1450
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Table 9.2.T3
SIDE BREAK
EFFECTS OF BREAK SIZE
Multiple of Cold Leg Flow Area*
Items
Subcooled, tb = 0.00025 sec.
ALp max, psi
Core
Core Barrel
Thermal Shield
Two-Phase, tb = 0.1 sec.
Flow Reversal Time, usec.
Scram to 30% power, sec.
SECCI, sec.
EOB, sec. (1)
Flow Choking Location**
21
120
560
700
58
0.5
5.76
12.35
J20
3
250
860
960
4
330
1000
1080
22
0.3
1.775
7.09 - 8.28
J20
J12
J2
380
1100
1120
19
0.26
1.585
2.59 - 7.85
J20
J12
J10
J2
17.5
0.26
1.572
1.85 - 7.85
J20
J12
J10
J8
J2
Minimum Mass Remaining
In Lower Plenum
Lbs.
% of Initial Mass
Peak of Average Clad
Surface Temperature
In Middle Core Region
6000
11.7
1290
4100
8.0
1390
4300
8.4
1400
* Cold leg flow area is 4.12 f t2.
** Refer to Chapter 5 for abbreviation.
(1) Where there are two numbers for a case, the first number
is the time when the flow out the break first becomes
zero, and the second rumber is the time after which break
flow rate rno longer exists.
3500
6.8
1480
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the downcomer annuli, and the cold legs. For the side break, flow choking
takes place in the same locations as for the bottom break, and very emphat-
ically at either ends of the downcomer annuli.
Largely due to the flow choking patterns described above that
the primary coolant must take some time to flow out the break no matter
how large the break is. When the break is very large, there is violent
fluctuations of flow rates, particularly at the later stages of the blow-
down. The result of these fluctuations is that EOB no longer has meaning
according to the definition that it is the time when the flow out the break
first becomes zero. For large break size and consequently large flow fluc-
tuations at the later blowdown stages, the flow out the break may temporarily
become zero but may reach again a high value at the next instant because
there is still significant mass and pressure in the system. Therefore, a liberal
interpretation of EOB can be devised as the time when the flow out the break
has dropped to an insignificant value (say 100 lbs/sec.) With this inter-
pretation, EOB is somewhere between 7 and 8 seconds after break initiation.
For the top break, the minimum quantity of mass remaining in the
lower plenum is practically the same for all break sizes, some 16% of the
initial coolant mass in this region. The bottom and side break cases manifest
two opposite trends. There seems to be more mass remaining in the lower
plenum as the bottom break size increases. The reverse is true for the side
break. Explanation of these trends can be tentatively made on the basis of
the phase separation model and the pressure transient in the lower plenum.
However, it is felt that t'ere exists enough uncertainty to warrant further
study in this area.
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The general pattern of the clad surface temperature transient is
as follows: The temperature is initially at the average clad surface temperature
at normal 100% power operation. If there is a flow reversal, it increases
womentarily. But the temperature would subsequently drop because the flow
rate through the core is increased due to the great pressure differential
across it. Close .to the EOB only steam is available to flow through the
core, and the temperature rises sharply to reach a maximum value just before
ECC water becomes effective.
As the break size increases. there is a tendency for the average
clad surface temperature to assume an asymptotic pattern. Thus, for the top
break case, the asymptotic pattern has been reached for break sizes larger
than twice the flow area of the hot leg. The peak of this asymptotic curve is
about 1320*F, occurring at approximately 12 seconds after the break.
Although there seems to exist some anomaly in the clad temperature
transient involving flow reversal in some bottom and side break cases, it has
been argued in Chapter 7 and 8 that the transient should also assume an
asymptotic configuration as the bottom and side breaks increase in size.
The maximum of this asymptotic configuration should be around 1450*F,
occurring at approximately 14-16 seconds after the break.
Further studies on these observations are needed on the ground that
if they are indeed true for even more severe vessel break cases, then there
exist real possibilities for imaginative passive safeguards that ultimately
can cool the core.
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9.3 Break Time
The effects of break time is dramatic for the subcooled loadings on
vessel internals but only marginal on the two-phase blowdown processes.
Break time has been defined before as the duration of time over which the
break is assumed to open up linearly to its postulated size.
Three break times have been used in the WHAM computations of the
subcooled depressurization, namely 0.25 msec., 10 msec., and 100 msec. The
0.25 msec. break time is termed "instantaneous" because is takes twice that
time for the sonic wave to travel through the break. Table 9.3.T1 shows a
representative listing of the highest magnitude of the pressure loadings
across the core, the core barrel or the thermal shield for the case of
two-pipe-size breaks. It is seen from this table that as the break time
is longer, the subcooled loadings are smaller. The "instantaneous" break is
of the sonic explosion type and is obviously too fast when one considers the
fact that the vessel metal behaves in the ductile mode at 100% steady power
operation. Reactor manufacturers have used break times of "instantaneous",
1 msee., 10 msec. and 300 msec. in the guillotine pipe break analyses for
nuclear plants (C9) and have arrived at the same conclusion. If, therefore,
it can be established by theoretical and-experimental fracture mechanics that
the break takes a finite time which is slower than "instantaneous:, then
current LWR vessel internals may be s-turdy enough to withstand vessel rup-
tures of large size.
Table 9.3.T1
EFFECTS OF BREAK TIME
ON SUBCOOLED BLOWDONN PRESSURE LOADINGS
(2-pipe-sizes breaks)
Break Opening Time (sec)
Items 0.00025 . 0.j01
Top Break,ap max, psi
Core
Core Barrel
380
460
210
445
Bottom Break, Ap max, psi
Core
Core Barrel
370
350
Side Break, Ap max, psi
Core
Core Barrel
Thermal Shield
250
840
980
250
245
170
720
540
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0.1
40
130
40
72
36
60
60
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Table 9.3.T2
EFFECT OF BREAK TIME
ON TWO-PHASE BLOWDOWN PARAMETERS
(2-Pipe-Sizes Break)
Break Time (Sec)
Items 0.01 0.1
Scram (by void) to 30% power, sec.
Top Break 0.28 0.32
Bottom Break 0.24 0.26
Side Break 0.29 0.30
SECCI, Sec.
Top Break 1.54 1.58
Bottom Break 1.61 1.655
Side Break 1.735 1.775
EOB, Sec *
Top Break 6.4 - 6.8 6.4 - 6.8
Bottom Break 7.53 - 8.04 7.25 - 7.92
Side Break 7.11 - 7.93 7.09 - 7.78
Flow Reversal, msec
Bottom Break 10.2 18.5
Side Break 16.8 22.0
Minimum Mass Remaining
In Lower Plenum, % of
Initial Mass
Top Break 15.2 15.2
Bottom Break 10.7 19.1
Side Break 8.2 8.0
Peak of Average Clad Surface
Temperature in Middle Core
Region, *F
Top Break 1310 1320
Bottom Break ** 1450 1180
Side Break 1380 1390
* Where there are two numbers for a case, the first number
is the time when the flow out the break first becomes
zero, and the second number is the time after which break
flow rate no longer exists.
** Clad surface temperature for this case is explained in
Section 7.2
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Table 9.3.T2 shows the effect of the blowdown time on principal
two-phase processes and effects. Only the case of two-pipe-sizes break are
selected for listing. Two break times have been studied with RELAP3, namely
10 msec. and 100 msec. It has been argued elsewhere in Chapters 5, 6, 7 and 8
that contrary to the subcooled decompression case, a slow break time is con-
servative for the two-phase blowdown. This is because the mass loss over 100
msec. is only a very small fraction of the system mass no matter whether over
that period the break has been widely opened (when break time is small) or is
still in the process of opening (when the break time is 100 msec.). On
the other hand, a slower break allows a slower reactor scram and particularly
a slower flow reversal, both of which tend to cause the clad surface temper-
ature to assume a higher value to start in the transient.
Beside the above argument, examination of Table 9.3.T2 leads to
the conclusion that the break time is quite insensitive to the two-phase
blowdown processes. Start of emergency core cooling injection, end of blow-
down and coolant mass remaining in the lower plenum are all quite similar
for the 0.01 sec. and 0.1 sec. break times. The peak of the clad surface
temperature transient should be slightly larger for the longer break time,
and the anomaly seen in Table 9.3.T2 has been tentatively explained in
Section 7.2.
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9.4 ECC Injection Location
Most of the current PWR plants have the accumulator ECC injection
nozzles installed at the cold legs. Some plants feature extra injection
nozzles at the upper plenum (Connecticut Yankee) or at the downcomer (B&W).
BWR's have a spray system in the upper plenum which has been given credit
as having an independent capability to cool the core in the event of a LOCA
by pipe break. (S6).
The base case accumulator system in this study include three accum-
ulators which start to inject ECC water when the pressure in the receiving
end location drops below 660 psi. Friction factor is provided to control the
Injection rate. The maximum injection rate for the base case is 2800 lbs/sec.
a relatively low value.
Consequences of the location of the ECC injection nozzles have been
investigated for the bottom and side breaks with break size twice as large as
the cold leg flow area. Cold leg location, hot leg location and upper plenum
location are considered. In the case of the upper plenum injection it is
noted that the assumption of instantaneous mixing allows the injection to act as
sprays but the phase separation model causes the cold water to settle down.
No injection velocity is accounted for.
Table 9.4.Tl summarizes the results for the principal blowdown
parameters under investigation. For bottom and side breaks, the pressure in
the hot legs and the upper plenum obviously drops slightly slower than the
pressure of the cold leSs (the stagnation point of the system being somewhere
in the steam generators), therefore, the ECC injection should start a little
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TABLE 9.4.T1
2-PIPE-SIZES BREAK (th = 0.1 SEC)
EFFECTS OF ACCUTMULATOR ECC INJECTION LOCATION
Accumulator ECC Injection At
Items
Assumed Accumulators
Maxim=m Injection Rate (lbs/sec)
Bottom Break
SECCI, sec,
EOB, sec
Minimum Mass Remaining
In Lower Plenum
Z Initial
Cold Legs
3
2820
1.665
7.25 - 7.92
19.1
Upper Plenum
3
2820
3
2820
1.915
6.93 - 7.99
22.2
1.92
6.61 - 7.77
22.2
Peak of Average Clad Surface
Temperature in Middle Core
Region
Side Break
SECCI, sec.
EOB, sec
Minimum Mass Remaining
In Lower Plenum
% Initial
1.775
7.09 - 8.28
8.0
2.10
6.71 - 7.79
2106
2.11
6.58 - 7.35
25.1
Peak of Average Clad Surface
Temperature in Middle Core
Region
1390 1280
1180 1210 1310
*F 1370
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later. EOCB, however, still occurs between 7 and 8 seconds according to the
aem interpretation of its meaning as presented in Section 9.2. The minimum
mass remaining in the lower plenum is about the same for the bottom break
case but increases significantly for the side break case. The latter
increasing trend is certainly due to the fact that the break is between the
ECC injection and the lower plenum in the case of cold leg ECC injection,
whereas all the injected water has a chance to mix with the coolant in the
lower plenum before flowing out the break in the case of hot leg and upper
plenum ECC injection.
Figs.9.4.Fl and 9.4.F2 show the transients of the average clad
surface temperature in the middle core region. For the bottom break, the
ECC location at the cold legs or hot legs makes little difference.
For the side break. a hot leg ECC injection seems to be superior in delaying
the start of the temperature climb. The peak is also delayed and slower.
On the other hand, the location of the ECC injection in the upper plenum
seems to hasten the temperature climb and to cause the peak to be slightly
higher. This result is contrary to common sense and could only be tentatively
explained by the observation that as ECC injection sets in quite early in
the blowdown, it serves to depress the pressure in the upper plenum and
consequently causes a more stagnant flow through the core at later stages
of the blowdown. However, many important features such as the ECC injection
velocity and a possible late injection start have not been investigated. It is
felt that an ECC injection at the top, may be in the form of sprays, which
starts at a pressure lower than 660 psi (maybe 200 psig) should certainly
be of great help in cooling the core when the break is at the bottom or
side of the vessel.
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Fig. 9.4.F1
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Fig. 9.4.F2
SIDE BREAK, A 2
EFFECT OF ECC INJECTION LOCATION ON AVERAGE CLAD
SURFACE TEMPERATURE TRANSIENT IN MIDDLE CORE REGION
1500
COLD L G ECC
UPPER PLENUM ECC
# --- HOT LE3 ECC
/
I!
100
C/
51/
10 20
TIME (SEC)
(273)
9.5 ECC Injection Rate
The rate of ECC injection can be increased by physically increasing
the accumulator pressure, or the size of the ECC injection line, or the
number of accumulator tanks, or by decreasing the friction in the injection
line. This latter method has been chosen to study the effect of the injec-
tion rate on different blowdown parameters.
The base case uses a friction coefficient of 0.004 lbfsec2/lbmft3in2
for the ECC injection line. The resultant injection rate is such that a
mayim of 2800 lbs/sec. is attained during the quiescent stage following
EOB. The injection rate maintains at the 2000 lbs/sec. level well after
25 seconds. A reduction of the friction factor to 0.001 lb fsec 2/lbmft 3in2
increases the injection rate by approximately a factor of 2, with a maximum
of 5200 lbs/sec. The transients are followed only to 10 seconds after
break initiation.
Table 9.5.Tl shows the SECCI and values of the clad surface temp-
erature at 0 sec., 4 sec. and 10 sec. respectively. Cases considered are
for side break with size twice the flow area of the cold leg. It is noted
that SECCI is the same for the same inje.ction location. Except for the case
of upper plenum ECC injection, the minimum clad surface temperature occurs
around 4 seconds with the magnitude 4eing approximately 410*F. The climb
starts at about 4 seconds and continues beyond 10 seconds as can be seen in
Fig. 8.2.F9. Up to 10 seconds, no appreciative difference can be observed
in the clad surface temperature transient that can not been explained by
other causes. Fcr example, the value of 578*F at 4 seconds for the case of
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Table 9.5.Tl
EFFECTS OF ECC INJECTION RATE ON
AVERAGE CLAD SURFACE TEMPERATURE TRANSIENT (1)
Rate of Injection at (2)
Maximum (lbs/sec.)
SECCI Temperature of Clad
(Sec.) 0 sec. 4 sec.
Surface (*F) at
10 sec.
A w 2
Cold Leg ECC
2800
5200
Hot Leg ECC
2800
5200
Upper Plenum
2800
5200
A - 3
Cold Leg ECC
2800
5200
(1) Computations are carried out only to 10 seconds after start of
accident.
(2) The control of the injection rate is effected by the friction
factor in the ECC injection path. The two indicated maximum
flow rates correspond to friction factors of 0.004 and 0.001
respectively. (See momentum equation in Section 5.2.2).
1.775
1.775
2.10
2.10
620.8
620.8
620.8
620.8
620.8
620.8
416
414
421
407
415
578
1290
1303
1163
1267
1318
1332
2.11
2.11
1.585
1.585
620.8
620.8
407
406
1297
1310
T'&. I J
upper plenum ECC injection with the larger injection rate has been expla-
ined in Section 9.4 as due to the temperature climb which starts slightly
before 4 seconds (at 3.5 seconds).
The effects of the injection rate beyond 10 seconds have not
been included in this study.
9.6 Void ReactivityCoefficient
The base case uses a constant void reactivity coefficient of
-0.0079, -0.0328, -0.0149 $/% void for the top, middle and bottom core
region, respectively. These values are taken from the sample problem pre-
pared by the Aerojet Nuclear Company for transmittal along with the
RELAP3 Mod 36 Code (A5). The indicated sample problem is a 34-volume RELAP3
O setup for a large, 4 loop PWR very similar to the reactor under investigation
in this study. The void reactivity coefficients employed are very conserva-
tive when compared to the values set forth by Elbaum (E2) in his study of
severe power excursion.
Two studies with the void reactivity coefficient twice and four
times the base case values have been conducted for the case of one-pipe-size
top break. The normalized power histories and the average clad surface temp-
erature transient are shown in Fig. 9.6.Fl.
Curves VI, V2 and V3 in Fig. 9.6.Fl indicate the obvious fact that
a larger negative void reactivity coefficient brings about a faster reactor
scram. The little plateau around 1 second is characteristic of the one-pipe-
size top break which seems to be due to flashing of the coolant in the core
C 0
Fig. 9.6.F1
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during which the void changes relatively little. For larger break sizes,
the steady effect of flashing is of no competition to the fast pressure
drop caused by the blowdown, and the plateau is no longer prominent.
For purposes of comparison, the normalized power history for the
two-pipe- sizes top break has also been drawn into Fig. 9.6.Fl. The scram
faster than Curves V1, V2 and V3 is indicative of the fact that the amount
of void formed is more sensitive than the net void reactivity coefficient.
Indeed, the larger the break, the more there is void because void increases
very fast for a small increase in coolant quality at the lower end of the
quality scale.
The clad surface temperature transient does not show any sensi-
tivity to the change in void reactivity coefficient such as described above.
For all three cases, the average clad surface temperature first drops due
to Increased core flow rate, then at close to EOB, it turns around and
climbs sharply to a maximum value of 960*F. This maximum value occurs
during the quiescent steam cooling period.
9.7 Gas Gap Conductivity
The conductance of the gas gap between fuel and clad is largely
unknown during the blowdown because it depends on the gas pressure, gas
composition, the degree of normal operation fuel swelling, clad collapse
and blowdown clad swelling.
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At normal operation, the manufacturer uses the following empirical
formula to determine the gas gap conductance (Cl):
k
k 0.6P + f (14.4 X 10-6
h is the conductance in Btu/hr ft2*F.
P is the contact pressure in psi.
k is the thermal conductivity of the gas mixture in the gap.
f is the correction factor for the accommodation coefficient.
A value of approximately 1000 Btu/hr ft2 *F has been obtained when
the pellet contacts the clad with zero contact pressure and when the gas
composition is 75% fission gas and 25% air.
It is obvious that this calculational technique is unsuitable for
computation of gas gap conductivity during the blowdown. RELAP3 has used
instead the gap thickness and conductivity in the calculation of heat transfer
from the pellet to the clad.
Table 9.7.Tl shows the average fuel and clad surface temperature in
the middle core region as a function.of gap conductivity. For all cases, the
gap is 0.00325 inch thick. Except for the first high value of 0.4687 Btu/hr ft*F,
all other conductivity values are referred to the temperature - dependent value
of helium (Appendix B). It is seen that for very low conductivities, 1/8 and
1/4 that of helium. The average centerline temperature in the middle core
region is quite high when put in proper perspective with the design maximum
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Table 9.7.T1
STEADY STATE OPERATION
AVERAGE FUEL AN CLAD SURFACE TEMPERATURES
IN MIDDLE CORE REGION
Gas Gap Temperature (*F)
Canductivity* Fuel Average Clad
(Btu/hr.ft.*F) Centerline for Fuel Surface
0.4687 1817 1185 620.8
KE(T) 2322 1451 620.8
1/2 KHE(T) 2897 1845 620.8
1/4 KHE(T) 3720 2514 620.8
1/8 KHE(T) 4723 3555 620.8
The temperature dependent conductivity of helium is
listed in Appendix B.
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Fig. 9.7.F I
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Fig. 9.7.F2
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centerline temperature of 4380*F. The base case calculations employ the
gap conductivity one half that of helium.
The. one-pipe-size top break has been chosen to study the effect
of change in gas gap conductivity on the clad surface temperature transient
during the blowdown. Fig. 9.7.F1 shows the fuel temperature transients and
Fig. 9.7.F2 shows the clad surface temperature transients for 1/2 kHe and
1/4 kI. A study with the conductivity 1/8 that of helium was also made,
but was carried out only to 10 seconds after the break initiation.
A large difference of approximately 400*F exists between the two
peaks in Fig. 9.7.F2. This suggests that the gap conductivity has a strong
effect on the behavior of the clad temperature transient. The reason can
be found in part in Fig. 9.7.Fl. When the gap conductivity is small
there must be a great temperature gradient across the gap to transfer the
heat produced in the fuel. Thus. at steady state operation, both the center-
line temperature and the average fuel temperature are higher, and consequently
the energy inventory in the fuel is larger. For one- pipe-size top break,
OEB is 12.8 seconds. or about one fuel time constant. Thus at the onset of
the stable film boiling regime, there is still approximately half the heat
inventory in addition to the fission products heat production. The clad
surface temperature climb should, therefore, be steeper and reach higher
peak when the gas gap conductivity is smaller.
This effect should be even more pronounced for larger sized break
because EOB is shorter for these breaks and consequently there is a larger
percentage of the heat inventory still remaining in the fuel at the onset of
steam ccolicg.
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98 Phase Separation Model
The coolant flow within the primary system following vessel rupture
is rapid and extremely turbulent. Flashing of liquid into steam and heat
transfer serve to complicate the coolant pressure, enthalpy and flow velocity
even further. The'two-phase flow in pipes have been investigated by Fauske(F6)
and Moody (W9 110, Mll).
For the very short duration of the blowdown, theoretical and exper-
Imental evidence indicates that a homogeneous mixture between the two phases
can be assumed for small-volume, turbulent flow paths. Where the volume is
large enough for the phases to separate, however, a two-phase separation model
vith bubble rise has been devised to fit experimental blowdown observations.
As pointed out in Chapter 5, the currently recommended model uses two para-
meters, C0 and V one for the bubble population gradient in the vertical
direction within the volume, and the other for the bubble velocity as it rises
from the mixture volume towards the phase interface. Curet (C8), Moore (M8)
and Rettig (R2) all recorend a value of 0.8 for the gradient and 3 ft/sec.
for the velocity. These values are based on semi-empirical fit to a number
of experimental, high pressure blowdown (C8).
To investigate how sensitive the model is to the blowdown para-
meters, a value of 0.5 for the gradient has been chosen to study the two-
phase blowdown of one-pipe-size top break. Fig. 9.8.Fl shows the coolant
mass history in the lower plenum. Fig. 9.8.F2 shows the transient of the
average clad surface emperature in the middle core region.
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Fig. 9.8.F1
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Fig. 9.8.F2
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A less steep bubble gradient in the mixture means that the mixture
is more homogeneous. When this is the case, then Fig. 9.8.Fl shows that the
mass loss from the lower plenum is faster and there is less mass remaining
in it during the quiescent, steam cooling stage. This is explained by the
fact that a more homegeneous phase model would increase the density of the
mass flow, whereas-the density is low due to the predominance of the steam
phase in the case of a phase model with steeper bubble population gradient.
This fact is further illustrated in Fig. 9.8.F2. Between 0 and 10 seconds
the average clad surface temperature is slightly lower for the more homo-
geneous phase model; due certainly to the fact that the mass flow rate
through the core is slightly higher. Beyond 10 seconds when steam cooling
sets in and before ECC water is effective, the more homogeneous phase model
causes the clad temperature to climb more steeply and to attain a higher
peak. This is due to the smaller steam flow rate emanating from the low
coolant mass left in the lower plenum.
Although analysis has not been made for the bottom and side
break, it is felt that the same effects would hold true.-
9.9 Conclusions
Some basic parameters of the loss-of-coolant accident analysis have
been studied to explore their sensitivity to other blowdown processes, mech-
anisms and consequences. These basic parameters include the vessel break
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location, break size, break time, ECC injection location, ECC injection rate,
void reactivity coefficient, gas gap conductivity and phase separation model.
The physical laws and computational techniques which form the fundamental
structures of the codes HAIM and RELAP3 have been invoked or commented upon
where applicable, but otherwise they have been accepted throughout as valid
in this work.
For the same break size and break time, a break location in the
upper plenum would result in lower subcooled loadings on the vessel internals
than a break at the bottom or side. A side break gives rise to the highest
loadings on the thermal shield, the core barrel and the core. For all break
locations, flow choking would take place at the break and in the high resistance
flow paths, establishing limiting conditions for the blowdown rates, mass
remaining in the lower plenum, EOB, and clad surface temperature transients.
As the break increases in size, an asymptotic configuration is
assumed by most quantities under investigation. At the liberal interpretation
of EOB as the tire at which the flow out the break has dropped to a low,
insignificant value, then EOB is around 7 to 8 seconds for all break sizes,
due to the inherent limiting flow in many flow paths of the system. Due to
the same reason, the minimum mass remaining in the lower plenum, and the
transient of the average clad surface temperature tend to assume an asymptotic
configuration. The maximum of the as'ymptotic temperature curve is comparable
to that of the LOCA by guillotine pipe break and is below 1500*F.
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The break time is very sensitive to the magnitude of the subcooled
loadings but is very insensitive to the rest of the two-phase parameters.
Thus, when the break is "instantaneous the subcooled pressure loadings
on vessel internals would be in the vicinity of 1000 psi. If the break time
is 10 milliseconds, the loadings decrease manyfold. If the break time is 100
milliseconds, the loadings dropped to quite insignificant magnitudes. The
establishment of accurate bounds for the vessel break time is, therefore, impor-
tant in the ecoomic and safe mechanical design for the vessel internals. On
the other hand, a change in break time from 100 milliseconds to 10 milliseconds
brings about very little change in EOB, flow reversal, minimum mass remaining
in the lower plenum and clad surface temperature transients.
The location of the ECC injection nozzles in the upper plenum seems
to cause an earlier and steeper temperature tise of the clad which eventually
climb to a higher maximum value as compared to a cold leg ECC location. No
such clear observation is seen when the ECC nozzles are placed at the hot legs.
This fact suggests that an early ECC injection in the upper plenum works to
suppress the pressure there, and consequently causes a lower mass flow through
the core (the break being located in the bottom or at the side). It has been
argued that a ECC injection at the top in the later stages of the blowdown
should help cool the clad, but such studies have not been made to substantiate
this argument for pressurized water reactors.
An Increase in the injection rate to approximately twice the base
case value does not cause any significant change. No larger injection rate
has been investigated, but it seems plausible that when the injection time
and rate are designed in such a way that massive ECC water is available at
the onset of the steam cooling period (around 4 seconds), the clad surface
temperature would certainly be suppressed. To do this. a lower ECC injection
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pressure to delay the start of injection, a larger injection line or redun-
dancy of injection nozzle, and finally the location of the injection close to
the core should be an option for the ECC specialist.
An increase in the negative void reactivity coefficient to twice
and four times the base case values causes the reactor to scram slightly faster,
but otherwise does not affect significantly other parameters. It is argued
that the void fraction, which is a function of the break time and size, is
more sensitive to the reactor scram than the precise value of the void reactivity
coefficient (within its bounds).
The gas gap conductivity has a large effect on the behavior of
the clad surface temperature transient because it determines the inventory of
the energy in the fuel at the onset of the accident. Since the fuel time constant
is of the order of 10 - 12 seconds, which is larger than EOB for most vessel
break accidents under consideration, a large initial energy inventory in the
fuel would result in a large energy lef tover af ter EOB. In addition to the
fission products heat production, this energy must be removed by the steam
during the steam cooling period, and consequently the clad surface temperature
is high. It is felt that the accurate determination of the gas gap conductance
during blowdown with due account for clad swelling, gas pressure and gas compo-
sition, is of prime importance in the accurate calculation of the clad temperature.
The change of the phase separation model to a more homogeneous one
results in a lower coolant mass remaining in the lower plenum and a steeper
clad surface temperature transient which reaches a higher peak.
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APPENDIX A
SEECTED DESIGN DATA OF A TYPICAL LARGE PWR
POWER PLANT FOR USE IN THE COMPUTATIONS
This appendix contains the design characteristics of the
typical large PWR of the 1967-1970 design that have been used in
this study. Except where indicated, all data are the final design
data of a Westinghouse 4-loop, 2758 MWt similar to the Indian Point
2 plant C .
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A.1
GENERAL PLANT DATA
Power Level
Heat output, MyWt
Heat output, Btu/hr
Net electrical, MWe
System Conditions
Total flow rate, lb/hr.
Nominal inlet, *F - psia
Nominal outlet of hot channel
*F - psia
Avg. coolant temp. in core, *F
Avg. coolant temp. in vessel, *F
Heat Transfer Data
Percent of flow through core
Avg. coolant velocity along rods,
ft./sec.
Avg. channel cross section, ft 2
Heat transfer surface area, ft 2
Avg. heat flux, Btu/hr-ft2
Max. heat flux, Btu/hr-ft 2
Max. clad surface temp. at
nominal pressure, *F
Fuel Centerline Temperature for Nominal
Rod dimensions, *F
Hot Channel Factors
Nuclear
Engineering
Total
Enthalpy rise
Avg. thermal output, kW/ft.
Max. thermal output, kU/ft.
Max. thermal output at 112%
power, kW/ft.
General Plant Data
Number of loops
Design pressure, psia
Design temperature, *F
Total primary coolant volume,
ft3
Total reactor flow, gpm
2758
9413 X 106
873
136.3 X 106
543 - 2280
633.5 - 2236.5
571
569.5
91
15.5
1.225 X 10-3
52,200
175,600
567,300
657
4090
3.12
1.03
3.23
1.75
5.7
18.4
20.6
4
2,485
650
12,600
358,800
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A.2
VESSEL DESIGN DATA
Physical Dimensions
Overall height of vessel and closure
head
ID at shell (in.)
ID of flange (in.)
OD of flange (in.)
Inlet nozzle ID (in.)
Outlet nozzle ID (in.)
Closure head thickness (in.)
Lower head thickness, min. (in.)
Beltline thickness (in.)
Clad thickness, min. (in.)
Thickness of reflective SS
insulation (in.)
Number of closure head studs (in.)
Diameter of closure head stud (in.)
Water Volumes (ft3)
Total water volume with core
and internals in place (design)
Upper head (above upper plate)
Upper plenum (estimated)
Core (estimated)
Bypass (estimated)
Lower plenum (design)
Downcomer annuli
Design Conditions
Design/operating pressure, psig
Hydrostatic test pressure, psig
Design temperature, *F
Reactor coolant inlet temperature, *F
Reactor coolant outlet temperature, *F
Coolant flow, lbs/hr
Code requirements
Pressure Drops
Across Vessel, including nozzles
Across core
Transient Design Cycles
Heatup at 100*F per hour
Cooldown at 100*F per hour
Loading at 5% of full power per minute
Step load increase of 10% of full power
(but not to exceed full power)
Step load decrease of 10% of full power
Step load decrease of 50% of full power
43'-9-11/16"
173
167-1/16
205
27.5
29
7
8-5/16
8-5/8
5/32
3
54
7
4647
494
1451
637.5
286.5
106
678
2485/2235
3110
650
555
612.6
1.34 x 108
ASME III, Class A
46.7
31.5
5/yr.
5/yr.
1/day
1/week
1/week
5/yr.
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A.3
PRESSURE VESSEL INTERNALS
U02 weight (lbs.)
UO2 average specific gravity
Number of fuel rods
Total Zircaloy weight (lbs.)
Zircaloy specific gravity
Core barrel
ID (in.)
OD (in.)
Thickness (in.)
Area inside (f t 2 )
Area outside (ft 2 )
Thermal Shield
ID (in.)
0D (in.)
Thickness (in.)
Area inside (ft 2 )
Area outside (ft 2 )
Cross Section of Annulus between
Core barrel and thermal shield (ft 2 )
Fuel Baffle
Area inside
Cross Section of area between
baffle and barrel (ft 2 )
Top core plate thickness
Top Support plate thickness
Bottom core plate thickness
Bottom flow distribution plate
Bottom flow inlet casting
Reactor trip
Hydrostatic test at 3110 psig pressure,
400*F temperature (preoperational)
Hydrostatic test at 2485 psig pressure,
400*F temperature (post operational)
Life, years
weeks
days
216,000
10.117
39,372
44,600
7.17
Austenitic steel 304
148
152.5
4.5
119.5
126.84
Austenitic steel 304
158.5
164.0
5.5
137.02
146.695
10. 177
Austenitic steel 304
96.06
23.44
2 inches
3 inches
2 inches
1.5 inches
8.8 inches
10/yr.
5
40
40
2080
14600
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A.4
REACTOR CORE DATA
Puel Assemblies
Number
Design
Rod pitch, in.
Overall dimensions, in.
Total U02 (lbs)
Total weight (Ibs)
Total clad (lbs)
Fuel Rods
Number
GD, in.
Diametrical gap, in.
Clad thickness, in.
Clad material
Fuel Pallets
Material
Density (Z T.D.)
Diameter, in.
Legth, in.
Physical Dimensions
Core diameter, in.
Core height, in.
Reflector
Top - water plus steel, in.
Bottom - water plus steel, in.
Side - water plus steel, in.
Cross section inside baffle, ft 2
Solid cross section, ft2
Coolant channel cross section, ft2
Some Thermal Rydraulic Data
Avg. temp. in core, *F
Avg. temp. rise in core, *F
Percent of total flow that passes
through core
Avg. coolant speed (ft/sec.)
Avg. coolant density (lb/ft 3 )
Avg. coolant enthalpy (Btu/lb)
Equivalent hydraulic diameter (ft)
Total pressure drop across core (psi)
Equivalent dimensionless Moody
friction coefficient
193
Canless, 15 X 15
0.563
8.426 X 8. 426
216,000
276,000
44,600
39,372
0.422
0.0065
0.0243
Zircaloy - 4
U02 sintered
94-92-91
0.3669
0.600
132.75
144
10
10
4.18
96.06
48.16
47,9
571
55.5
91
15.5
45.552
572
0.00444
31.5
0.0224
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A.5
REACTOR CORE KINETIC DATA
Reactivity Coefficients
Moderator temp. at full power (*F-)
Moderator pressure (psi-1)
Moderator Density (Ak/gm/cm3 )
Doppler (*F-1)
Neutrons
Delayed fraction (Z)
Prompt neutron lifetime (sec.)
Control Rods
Effective k at BOL, full power,
rods in., no boron, Xe Sm
inin equilibrium
Boron ppm
Total worth of inserted rods at
hot, full power (Z Ak/k $)
Worst rod bank (% Ak/k)
-0.3 X 10-4 to -3.0 X 10-4
+0.3 X 10-6 to +3.0 X 10-6
+0.03 to +0.30
-1.1 x 10-5 to +1.8 X 10-5
0.52 to 0.72
1.4 X 10-5 to 1.80 X 10-5
1.152
780
6.35% = 9.478$
0.5%
Void Coefficients for 3 Axial Core Regions ($/% Void)
Upper one-third -0.0079
Central one-third -0.0328
Lower one-third -0.0149
(297)
A.6
COLD LEG DATA
ID, in.
Length (est.), ft.
Cross section, ft2
Volume, ft3
Mass. flow, lb/hr.
gpm
ft/sec.
Average pressure, psia
Average temperature, *F
Average density, ft/sec.
Average enthalpy, Btu/lb.
Psat, psia
27.5
21.16
4.12
87.2
33.5 X 106
.8978 X 105
48.55
2288
555
46.52
552.8
1087
*These data are for one leg. The nominal pressure and
temperature are taken from Indian Point 2 Final Safety
Analysis Report, Fig. 1.1.1. It is realized later that
these data slightly differ from other data elsewhere in
the FSAR, but the small difference does not matter in
the results of the present study.
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A.7
HOT LEG DATA*
ID, in.
Length, (est.), ft.
Cross section, ft2
Volume, ft3
Mass flow, lbs/hr.
gpm
ft/sec.
Average pressure, psia
Average temperature, *F
Average density, lb/ft 3
Average enthalpy, Btu/lb.
Psat, psia
29
17.22
4.587
79
33.5 X 106
.9958 X 105
48.4
2235
596
43.5
610
1500
*These data are for one leg. The nominal pressure and
temperature are taken from Indian Point 2 Final Safety
Analysis Report, Fig. 1.1.Fl. It is realized later that
these data slightly differ from other data elsewhere in
the FSAR, but the small difference does not matter in
the results of the present study.
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A.8
DATA FOR VESSEL UPPER PLENUM,
LOWER PLENUM AND DOWNCOMER ANNULI
Upper plenum
Cross section (est.), ft2  163.24
Length (est.), ft. 10.5
Volume (est.), ft3  1714
Coolant volume (est.), ft3  1451
Mass. flow, lbs/hr. 134 X 106
Average coolant speed (est), ft/sec. 6.9
Average pressure, psia 2236.5
Upper Head Region
Volume of region above upper grid 494
plate, ft 3
Lover Plenum
Cross section (est.), ft 2  163.24
Length (est.) 6.74
Volume (est.) 1106
Average coolant speed (est.), ft/sec. 4.56
Average pressure 2266.5
Annuli
Cross section above shield (ft2) 36.4
Cross section between shield and barrel, ft2  10.177
Cross section between shield and vessel wall, ft2  16.543
Nominal downcomer
ft2/sec. 776.3
ft/sec. 29
Volume above reactor region, ft 3  278
Volume at reactor region, ft 3  400
Height above reactor region, ft. 10.5
Height at reactor region, ft. 15
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A.9
PRESSURIZER DATA
Height (est.), ft.
Nominal water volume, ft3
Nominal steam volume, ft3
Design operating pressure, psig
Design operating temp. 1*F
Surge line
ID, in.
Length, ft.
Volume, ft. 3
46.8
1080
720
2485-2235
680-653
14
41
38
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A. 10
STEAM GENERATOR DATA
Number
Design, pressure, reactor coolant/
steam, psig
Design temp., reactor coolant/steam, *F
Reactor coolant flow, lbs/hr.
Heat transfer surface, ft2
Heat transferred, Btu/hr.
Overall height, ft-in.
Shell OD upper/lower, in.
Shell thickness, upper/lower, in.
U-tubes
Number
ID, in.
Cross section, ft2
Avg. wall thickness, in.
Length (est.) ft.
Total flow area (est.) ft2
Shell side conditions
Feed water temp., *F
Steam temp., *F
Steam pressure, psig
Steam flow, lb./hr.
Volumes, ft.3
Reactor coolant water volume
Inlet plenum volume
Outlet plenum volume
Secondary side water volume
Secondary side steam volume
Line leading to coolant pump
ID., in.
Cross sectiqn, ft. 2
Volume, ft."
2485/1085
650/600
33.5 X 106
44,430
2,631 X 106
63-1.625
166/127.5
3.5/2.63
3260
0.875
4.176 X 1o-3
0.050
63.6
13.614
427.2
513.8
755
3.315 X 106
924
1613
2966
31
5.21
113.5
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A.U
EMERGENCY WATER INJECTION SYSTEMS
Accumulators
Number assumed working
Injected into
Injection line size (est.), in.
Equivalent L for all lines, ft 1
A
Equivalent friction factor
Total volume, ft.3
Water volume, ft. 3
Nitrogen volume, ft. 3
Initial pressure, psi
Elevation head, ft.
Actuation pressure differential, psi
Safety injection lines
Working condition and capability
Injection into
Delay time after actuation
Charging Lines
Injection into
Delay time after actuation
Reservoir pressure and temperature
3 out of 4
Cold legs
14
20
0.004 lbf sec 2/lbm ft3 in2
3300
2100
1200
700
neglected
660
Fill Curve 2, Fig. 14.3.2-29
of IP2 FSAR (2 pumps on three
loops)
Hot legs and cold legs
25 sec.
Hot legs
25 sec.
14.7 psia 100*F
Pressure (psig)
100
600
1080
1400
1700
2000
2300
2600
578
514
455
414
369
309
228
86
ecirculation Lines
Injection into
Delay time
Reservoir-pressure/temp.
Cold legs
25 sec.
14.7 psia 100*F
Pressure si
10
30.
50
70
100
130
150
170
4734
4482
4140
3780
3150
2430
1800
540
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*The Safety Injection Lines, charging lines and recirculation lines
were provided for the system but were not used due to a decision to
stop at 25 sec. to save computer time.
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A. 12
COOLANT PUMPS
General design data
Number per coolant loop
Type
Overall height, ft.
Water volume, ft.3
Capacity, gpm
Developed head, ft.
NPSH, ft.
Suction temperature/pressure
Design temperature/pressure
Suction line nozzle, ID, in.
1
Centrifugal
28.38
192
89,700
272
170
555*F/2235 psi
650*F/2485 psi
31
Motor data
Type
Voltage
Insulation class
Phase
Frequency, cps
Starting current, amp
Input to hot coolant, kw
Input to cold coolant, kw
Nameplate rpm
Nameplate horsepower
AC Induction Single Speed,
Air Cooled
6600
B. Thermalastic Epoxy
3
60
2950
4250
5600
1189
6000
(305)
A. 13
PUMP HEAD CHARACTERISTICS (S5.C6)
Actual Flow
Nominal Flow
Actual Head
Nominal Flow
-1.0
'-0.5
-0.25
0
0.25
0.5
0.75
0.9
1.0
1.1
1.25
1.5
1.69
2.8
2.02
1.75
1.6
1.52
1.4
1.26
1.14
1.0
0.915
0.7
0.32
0
2.0
2.25
2.5
-0.65
-1.18
-1.75
A. 14
PUM COASTDOWN CHARACTERISTICS*
Core Flow
(Z of nominal flow)
1
0.855
0.735
0.65
0.59
0.54
0.50
0.46
0.46
0.43
0.40
0.38
0.32
0.25
(306)
Time
(Sec.)
0
2
4
6
8
10
12
14
14
16
18
20
40
70
*Taken from D. C. Cook Preliminary Safety
Analysis Report (II)-.
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APPENDIX B
PHYSICAL PROPERTIES USED IN THE COMPUTATIONS
This appendix contains other physical properties
employed in the computations. Efforts have been made
to use the most current or recomended data. Where
these data are absent and must be estimated, they are
so indicated.
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B.1
U0 2 THERMAL CONDUCTIVITY
Uranium thermal conductivity obtained by Lyons et al (L3)
is used.
The formula approximating the data measured for U02 pellet
under irradiation with central melting is:
k= 1 3978.1
3600 IT+629.61
+ (6.0237 X 10 -12) (T + 460)3)
77*F.T,(5072*F
where T is in *F and k is Btu/hr. ft. *F.
A few computed values for kuo2 are listed below:
Temperature
*F
100
300
500
700
1000
1200
1500
1800
2000
2500
3000
3500
4000
4500
5000
5100
ku0 2(Btu/hr. oFft-)
5.45343
4.28199
3.52703
3.00140
2.46002
2.20210
1.91368
1.70740
1.60314
1.42849
1.34736
1.34013
1.39761
1.51596
1.69431
1.70000
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B.2
U02 HEAT CAPACITY
The heat capacity data for U02 is recommended by Brassfield at el
(B2)
Cp M 0.0726 + (3.33 X 10-6) T - 4.74 X 10
3
(T + 460)2
77*F4T42240*F
C- -0,18426 + (3.8303 X 10-4) T - (2.0447 X 10-7) T2
+ (4.6457 X 10-11) T3 - (3.6289 X 10-15) T4
2240*FkT65072*F
where C. is in Btu/lb. *F
A few values of Cp are:
Temperature
*F
Cp (U02)
(Btu/lb *F)
100
~300
500
800
1000
1500
2000
2500
2800
3000
3200
3400
3600
3800
4000
4300
4700
5000
5100
.05782
.06539
.06912
.07228
.07371
.07636
.07848
.07951
.08195
.08500
.08945
.09537
.10270
.11122
.12059
.13513
.15176
.15820
.16000
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B.3
ZIRCALOY-4 THERMAL CONDUCTIVITY
The thermal conductivity of Zircaloy-4 is proposed by
Touloukian et al (T3).
k M 4.14 + (1.044 X 10-2) T - (5.276 X
3600
10-6) T2
+ (1.536 X 10-9) T3 I
572*FCT$2732*F
where k is in Btu/hr. ft. *F.
A few values of k are:
Temperature
*F
600
700
800
900
1000
1100
1200
1300
1400
1500
1600
1800
2000
2200
2400
2700
kzire
(Btu/hr. ft. *F)
8.83642
9.38961
9.90179
10.38218
10.84000
11.28446
11.72477
12.17015
12.62982
13.11300
13.62890
14.79571
16.20400
17.92749
20.03990
24.09905
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3.4
ZIRCALOY-4 HEAT CAPACITY
Data for Zircaloy-4 heat capacity is recommended by Brassfield
et al (B2).
C- 0.068 + (1.33 X 105) T; 32*FATC1376*F
Cp - 0.086; T 31376*F
The unit of C, is in Btu/lb. *F.
At 1584*F, a latent heat effect is of 19.2 Btu is present.
lb.
A-few values of Cp for Zircaloy-4 are:
Temperature
*F
100
200
300
400
500
600
700
800
900
1000
1100
1200
1300
1376
2700
CP
(Btu/lb. *F)
.06933
.07066
.07199
.07332
.07465
.07598
.07731
.07864
.07997
.08130
.08263
.08396
.08529
.086
.086
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B.5
FISSION-PRODUCTS DECAY HEAT
During blowdown, the reactor power is calculated by means of
coded point kinetic subroutine in RELAPS, with seven neutron groups,
eleven gamma groups, void and Doppler coefficients but no control
rod action.
When the reactor has been well shutdown, the power is calcul-
ated by the ANS-5 Proposed Standard "Energy Release Following
Shutdown of Uranium - Fueled Thermal Reactors" (Rl).
Approximated representation of fission products decay power
over nominal reactor power is:
Time (Sec.) P/P 0
0.1 - 10
10 - 150
150 - 4 X 106
4 X 106 - 2 X 108
0.06025t -
0.07655t -
0.1301t -
0.2659t -
Some values for P/Po are listed below:
Time (Sec.)
.1
10
25
100
103
104
10 5
106
.0639
.1807
.2834
.335
P/P 0
.069
.059
.052
.0428
.035
.024
.013
.006
.0026
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B.6
HELIUM PROPERTIES
The basic properties of helium as listed by Rohsenow and Choi (R3)
are presented here. Fresh PWR fuel rods have a helium filled gap. As
soon as the rod is irradiated, fission product gases and other elements
diffuse out to the gap and mix with helium. Also, thermal processes are
such that the gap would change in size and would no longer maintain the
assumed original symmetry. The gap conductance is therefore largely
dependent on locations, and is unknown. Except where mentioned otherwise,
most computations have been based on the assumption that the gap thickness
does not change and the gap conductivity is half that of helium.
Temperature Cp k
*F (Btu/lb. *F) (Btu/hr.ft. *F)
0 1.24 0.078
,200 1.24 0.098
1000 1.24 0.16
5000 1.24 0.4688*
*This value is not listed in Rohsenow and Choi, but is adopted from ANC
sample pipe break LOCA calculations (A10).
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APPENDIX C
HEAT TRANSFER AND CRITICAL HEAT FLUX CORRELATIONS
USED IN RELAP3, MOD. 36
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C a1
HEAT TRANSFER CORRELATIONS
The regimes of heat transfer can be summarized by Fig. C.l.F1
Following is a description of the correlations and their
validity.
1) 4 0, Ts5 TNB Subcooled Forced Convections
Seider-Tate Correlation
kf(Tw) 0.8 n iw) 1/3 r .fT )1_14
h = T -Tw 0.023 D (Re(TW . Pr(TJ )1/3
where
x quality of the water steam mixture
TS = fuel rod surface temperature, *F
TNB- minimm surface temperature for nucleate boiling
TNB w Tsat + 0.072 e-)./1260 qt 0.5
Tsat Saturation temperature, 'F
p Coolant pressure, psi
q" Surface flux, Btu/hr. ft. 2
Coolant temperature, *F
D Hydraulic diameter of flow channel, ft.
Re Reynolds number, Re YVD//A
Pr Prandtl number, Pr = /cc
and kf/kf ci are the tjiermal conductivity
(Btu/hr. ft.*F), viscosity (lbs/hr. ft.),
kinematic viscosity (ft. 3/hr) and thermal
diffusivity (Ft2/hr.) of the coolant mix-
ture, respectively. These quantities are
evaluated at the indicated temperature.
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2) x <0, T TN Subcooled Nucleate Boiling
Thom Correlation
T s - Tw
where the quantities have been defined.
3) 0 4 x C 0.1 Nucleate Boiling
The heat transfer coefficient is calculated by
interpolating with respect to quality between
Thom Correlation and Schrock-Grossman Correla-
tion.
4) 0.1 $ x < 0.6 Forced Convection Boiling
Schrock-Grossman Correlation with Wright Constant
h - 6700A _ + 0.00035 B0 .
66
A - 0.023 kf (1-4 0 .8 Re0 .8 Pr0 .4
D
B - 0.9 Yv)0.5 0.1
where
Vg Specific volume of vapor, ft. 3/lb.
Vf Specific volume of liquid, Ft. 3/1b.
Hg Heat of vaporization, Btu/lb.
0.69 Wright Constant
5) 0.6 S x C1.0 Forced Convection Boiling
The heat transfer coefficient is calculated by
interpolating with respect to 'uality between
Schrock-Grossman Correlation and Dittus-Boelter
Correlation.
6) x ?-1.0 Single Phase Steatn Heat Transfer
Dittus-Boelter Correlation
k 0.8 0.4
h = 0.023 D Re 0 Pr
Tw + Ts
Physical properties are evaluated at 2
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7) Stable Film Boiling*
Effective when the surface heat flux is greater than CHF.
Dougall Rohsenow Correlation (DI).
k&f0.8 0.8 0.4
h = 0.023 D x + V (1 - x) Re Prg
The physical properties are evaluated at saturation conditions.
S
If x 0.0, the term (1 - x) + x) is set equal to 1.0
which reduces this correlation to the Dittus Boelter Correlation.
* The Groeneveld Correlation, which is recommended by the Interim
Policy Statement (U2) provides values of the heat transfer coef-
ficient somewhat similar but more conservative than Dougall Rohsenow
Correlation. For heated cylindrical rods, the Groeneveld Cor-
relation is: (Gl):
v f 0.688 0.688 1.26 -1.06
h -. 0.052 D x + v (1 - x) Reg Pr Y
where Pr is the Prandtl number evaluated at the surface temperature,
&
and Y is the Miropolskyi two-phase flow factor (M4).
Y M 1 - 0.1 (v /V -1) 0.4 (1 _ ) 0.4
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Fig. C.l.F1
REIAP 3 Mod 36 Heat Transfer Regimes
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C. 2
CHF CORRELATIONS
In RELAP3, Mod. 36, stable film boiling (DougaliRoshenow)
is assumed to occur when the calculated surface heat flux is
larger than the calculated CHF. The CHF is predicted on the
basis of pressure and mass flow. Fig.C.1.F2is a schematic
diagram of different CHF regimes.
1) p::6. 725 psi: Modified Barnett Correlation With Idaho Nuclear
Corporation Constants
CHF = B+E (H - Hin)
ld6 F +'L
B = 73.71 D0.0523 G 0.663 888..6 (1.0 - 0.315el* 34CG)
dfg
E - 0.104 D1 .445 G 0.691
F = 45.55 D0 . 0 8 1 7 G0. 5 8
7
where
CHF = Critical heat flux, Btu/hr. ft. 2
Hf Saturated liquid enthalpy, Btu/lb.
Hin Inlet enthalpy, Btu/lb.
L. Channel length, in.
D - Heated equivalent diameter, in.
C W td(d + D)J0.5 -d, in.
d - Fuel rod diameter
G W Mass flux, 106 lbs/hr. ft. 2
Rfg Heat of vaporization, Btu/lb.
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2) 725 psi < p l000 psi
The CHF is calculated by linear interpolation with
respect to pressure between Modified Barnett Cor-
r relation and Barnett Correlation. (B3)
3) 1000 psi < p C 1500 psi: Barnett Correlation (B3)
CHF J + M (Hf - Hin)
106 R + L
J - 67.45 D0 . 68 G0 . 1 9 2 (1.0-0.744e-6.512GC)
M - 0.2587 Dl- 2 6 1 G 0.817
R - 185 D1. 4 1 5 G 0.212
All parameters have been previously defined
4) 1500 psi i p C 1800 psi
The CHF is calculated by linear interpolation with
respect to pressure between Barnett Correlation
and B & W-2 Correlation. (G1)
5) p 7 1800 psi, G > 0.5 X 106 lbs/hr. ft. 2
B&W-2 Correlation 7i)
CHF - S
ldb 12.71YN (37.02 W - 0.15208 GHfgx)
S = 1.15509 - 0.40703 D
W - 0.59137 C
Z - 0.8304 + 6.8479 X 10-4 (p-2000)
N = 0.71186 + 2.0723 X 10-4 (p-2000)
Y - 3.0545 G
where
G = Mass flux, 106 lb/hr. ft. 2
x = Mixture quality
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6) p?, 1800 psi, G < 0.5 X 106 lbs/hr. ft. 2
The CHIF is evaluated by using the average
value between B&W-2 value and Barnett value.
In the above CHF correlations, the inlet enthalpy is
dependent on the flow direction and is determined as fol-
lovs:
Normal. Inlet Flow Normal Outlet Flow
0-
<0
All other cases
H at normal inlet
H at normal outlet
H of core volume
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APPENDIX D
SURVEY OF CURRENT REACTOR VESSEL CODE
AND THE ANALYSIS OF VESSEL FAILURE
D.1 ASME Section III, Nuclear Vessel
The design, manufacture, testing and maintenance of pressure vessels
have traditionally been done with professional codes. Older naval and
edium sized reactor vessels were fabricated in accordance with Section I and
VIII of the ASME Boiler and Pressure Vessel Code. Today all reactor pressure
vessels are designed, manufactured, tested and maintained in accordance with
the ASME Boiler and Pressure Vessel Code, Section III, Nuclear Vessels, which
was published in 1964. This section is primarily concerned with temperatures
below 800*F the creep limit for the material of interest. Provisions for
limiting primary, secondary and other stresses as well as stress concentra-
tions are incorporated. Rules for the control of external influences
and environmental factors, such as corr6sion and radiation effects, are
not specified, but the designer or owner is made responsible for taking these
factors into consideration.
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The four major areas of requirements spelled out by Section III are:
a) Hydrostatic Test Requirerents
The vessel must undergo a complete hydrostatic test to verify
that it has enough strength and no leak. The test pressure is determined
by:
ptest = 1.25 pdsgn Allowable design stress intensity at test temoerature
Allowable design stress intensity at design temperature
The PtesEepresents about 40% of minimum tensile strength and 80%
of minimum yield strength of the material.
b) Stress Report Requirements
A complete stress analysis report must be prepared. All
pertinent analytical and experimental data must be included. This report
must be certified by a qualified Professional Engineer.
c) Quality Assurance Requirements
The quality assurance must cover the rank and file of the
manufacturer's organization and every phase in the history of the vessel.
These include material specifications, preparations and testings of material
samples, heat treatments, welding, non-destructive and mechanical testings,
chemical analyses, mechanical property determinations, and flaw detection.
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d) Post Operation Testing
After the vessel has been put into operation, there must
be supplied periodic monitoring of vessel conditions. Checks of brittle
fracture transition must also be made.
D.2 Reactor Vessel Design, Analysis and Experimentation On Failure Modes
To comply with the design rules of Section III, the designer must
perform a complete stress analysis for the vessel. However, due to its
complex geometry, particularly around reinforcements and penetrations, rigorous
solution is not possible. Current practice is to identify those areas of
uncertainty, to use the best approximate solution, and to apply a margin for
conservation. In a broad context, the pressure vessel is subject to the
following failure modes:
a) Excessive plastic deformation, including plastic instability
and buckling.
b) Cracking leakage or brittle fracture due to initial flaws or
flaw growth by fatigue or corrosion.
c) Elastic distortion.
d) Excessive creep deformation or creep rupture.
Section III provides only partial analytical treatments for the
first two modes, the remainder being the responsibility of the designer.
The recommended techniques are based -on the following assumptions:
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a) Ductility of construction material remains significant throughout
the operating history.
b) Tresca maximum shear-stress theory describes the limiting
stress loading.
c) Secondary and local stresses exceeding the yield can be accom-
modated by material ductility.
d) The adequacy of protection against fatigue failure can be
achieved by the use of Goodman's diagram and Miner's hypothesis, and by
comparison with strain-controlled fatigue data.
e) Thin-shell theory, discontinuity analysis, and linear super-
position of stresses are valid.
f) Unverified approximations must be supplimented with experimental
data.
g) Provision must be made for deterioration of materials due to
radiation, material instability, and loading effects such that the preceding
assumptions are always valid.
All vessel manufacturers employ large and sophisticated computer
codes to handle various phases of vessel design. But the most rigorous analy-
tical stress analyses are obviously not adequate enough in view of limitations
of the theory and possible inadequate assessment of loading conditions. There
has been no unique, theoretically acceptable way of determining elastic
distortion and creep rupture. Transient conditions that give rise to thermal
and pressure loading present another category of difficult problems,
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as consequences of pressure-pulse loadings have not been included in the code
at present. Table 3.1.T1 list the types of transients and the number of cycles
designed for the pressure vessel of a 2758 Mwt PWR power plant (Cl).
Defects such as cracks, flaws may propagate with catastrophic speed
when the tensile stress is equal to the dynamic yield stress. Depending on the
size and shape of a structural element and on its stress environment history
during service, a critical condition for crack propogation may develop grad-
ually in the following modes:
a ) Crack growth by fatigue.
b) Crack growth by stress corrosion (or hydrogen embrittlement)
c ) Reduction of crack toughness (such as by radiation damage)
The fracture behavior for which a suitable analysis is needed is
termed progressive crack extension. The combination of local plastic strains
advance separations, elastic constraint, and tension near the loading edge of
a crack may be sufficient to cause sudden rapid spreading of the crack. If
that combination is less than sufficient, there may be plastic strain reversals
near the loading edge that cause the crack to grow. Onset of rapid crack
extension provides a relatively abrupt expansion of the flaw. The environ-
ment, with or without fatigue assistance, may cause stable spreading of
the crack.
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Full-scale tests have been conducted to verify and improve the
heonretical design calculations for large steel pressure vessels. The most
well known tests are the series undertaken by the Pressure Vessel Research
Comittee (PVRC), the British, the PM-2A, and the SKODA (USSR) projects. The
results indicate that neither the transition-temperature approach nor the
fracture-mechanics approach is entirely adequate for design against failure.
Same of the large scale tests have shown that cyclic crack growth is a signifi-
cant problem which has not been fully understood. Catastrophic failure usually
has multiple causes, such as in the case of the December 22, 1965 failure of a
large, thick-walled pressure vessel intended for high pressure use in a British
aMnia plant. Although the design test pressure was 6950 psi, 50*F, the vessel
failed at 5100 psi,- 50*? and threw a 2-ton steel segment 153 feet away. Post-mortem
analysis indicated a series of possible causes, such as marginal steel strength,
low design safety factor, faulty heat treatment and possible undetected flaws in
the heat affected zone. (W3)
The most recent efforts in heavy section pressure vessel technology
have been undertaken by the Heavy-Section Steel Technology Programs (HSST) with
major emphasis on LWR vessel materials, namely ASTM A533, Grade B, Class 1
plate steel and ASTM A-508, Class 2 forging steel. For all tests, the steel
has been purchased to specifications used by industry in the fabrication
of reactor vessels. Dynamic tear tests on specimens up to 12-inch thick and
drop weight NDT tests on specimens up to 4-inch thick has revealed that as the
thickness increases, so does the temperature at which significant increase in
toughness occurs. This leads to the conclusion that plastic constraints bring
about an increase in fracture transition te-'erature.
(330)
A major series of the tests involves the use of flawed sbusized pres-
suwe vessels which will be overloaded to failure. These vessels are designed to
Include as far as practicable the actual vessel configuration and construction
features. The fracture toughness property, KIn, which relates nominal stress,
flaw size and geometry has been shown to be a quantitative measure of the
potential for brittle fracture. Fracture toughness values for the plate
aspecimens as thick as 12 inches have been measured at about 50F, and
results indicate that relatively large flaws (at least 1/4 the plate thickness
deep and 3/4 the plate thickness long) could be tolerated without failure.
At high operating temperatures around 550*F, even larger flaws can be
tolerated without failure. Crack arrest tests have revealed a similar
increase in toughness for increasing temperatures. In general, welds and
forgings have exhibited higher toughness levels than the plate at the lower
temperatures. Crack propagation rates at relatively high frequency, 60
to 600 cycles/min., measured under reactor service temperatures and pressure
are similar to those measured in an inert gas environment.
The fracture toughness factor, K Ic for specimens under the influ-
ence of radiation has also been investigated for a fast neutron fluence of
2 x 1019 nvt, KIc of a 2-inch specimen increased from 50,000 at 120*F to more
than 150,000 at 300*F. (T6)
Concurrent to the HSST proiram, there is also a on-going program
for nuclear piping components and pressure vessel nozzles. The loads under
investigation are internal pressure, external force and moments, and the
thermal stress induced by non-uniform temperature distributions in the com-
ponents. Significant information, including codes, standaridization and
computer codes have been contributed by this program to the nuclear compo-
nent industry.
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